Influencing Metal-organic Framework Catalysis through Nanoscale Structuralisation by Linder-Patton, Oliver Michael
 
Influencing Metal-organic Framework 
Catalysis through Nanoscale Structuralisation 
A thesis presented to 
The School of Physical Sciences 
at 
The University of Adelaide 
in fulfilment of the requirements for 
The Degree of 
Doctor of Philosophy in Chemical Science 
by 













Contents .................................................................................................................................... I 
Declaration ............................................................................................................................ IV 
Acknowledgements ................................................................................................................. V 
Abbreviations ........................................................................................................................ VI 
Abstract .................................................................................................................................. IX 
Chapter 1. Introduction ..................................................................................................... - 2 - 
1.1.  Background .......................................................................................................... - 2 - 
1.2.  Metal-Organic Frameworks ................................................................................ - 4 - 
1.3.  Nanoscale Structuralisation of MOFs ................................................................ - 8 - 
1.4.  MOFs as Heterogeneous Catalysts ................................................................... - 17 - 
1.5.  Thesis Coverage ................................................................................................. - 20 - 
1.6.  References .......................................................................................................... - 22 - 
Chapter 2. Influence of Nanoscale Structuralisation on Surface Catalysis with ZIF-8 - 36 
- 
2.1. Abstract ............................................................................................................... - 36 - 
2.2. Introduction ........................................................................................................ - 36 - 
2.3. Experimental ...................................................................................................... - 39 - 
2.4. Results and Discussion ...................................................................................... - 41 - 
2.5. Conclusions and Future Outlook ...................................................................... - 53 - 
2.6. Conflicts of Interest ............................................................................................ - 53 - 
2.7. Acknowledgements ............................................................................................. - 53 - 





2.9. Appendix ............................................................................................................. - 59 - 
Chapter 3. Particle Size Effects on Ethylene Hydroformylation with UiO-67-bpydc - 82 - 
3.1. Introduction ........................................................................................................ - 82 - 
3.2. Size Control of UiO-67-bpydc ............................................................................ - 85 - 
3.3. Mixed Linker Synthesis of UiO-67 .................................................................... - 90 - 
3.4. Background on Hydroformylation Catalysis .................................................... - 95 - 
3.5. Metalation of UiO-67-bpydc with Rhodium(I) Species .................................... - 98 - 
3.6. Gas Phase Hydroformylation Catalysis .......................................................... - 105 - 
3.7. Summary ........................................................................................................... - 117 - 
3.8. Experimental .................................................................................................... - 118 - 
3.9. References ........................................................................................................ - 126 - 
3.10. Appendix ........................................................................................................... - 134 - 
Chapter 4. Core-Shell Catalysis of Ethylene Oligomerisation with UiO-67-bpydc .. - 164 - 
4.1. Introduction ...................................................................................................... - 164 - 
4.2. Considerations for the Synthesis and Analysis of Core-Shell Candidates .... - 167 - 
4.3. Synthesis and Characterisation of Large UiO-67-bpydc Core Crystals ........ - 168 - 
4.4. Synthesis and Characterisation CS-MOF candidates .................................... - 176 - 
4.5. Background to Ethylene Oligomerisation Catalysis ....................................... - 187 - 
4.6. Preparation and Metalation of the MOF with [PdMe(MeCN)]+ ................... - 190 - 
4.7. Gas-phase Catalytic Reactor Setup ................................................................. - 193 - 
4.8. Catalysis Experiments ...................................................................................... - 194 - 
4.9. Core and Core-Shell Catalysis Experiments ................................................... - 200 - 
4.10. Summary ........................................................................................................... - 208 - 
4.11. Experimental .................................................................................................... - 209 - 
4.12. References ........................................................................................................ - 217 - 





Chapter 5. Towards Reactive Group Isolation in a UiO-67 Derivative ..................... - 250 - 
5.1. Introduction ...................................................................................................... - 250 - 
5.2. Synthesis and Characterisation of SCXRD Suitable Crystals ........................ - 252 - 
5.3. Crystal Structure of UiO-67-Me2bpydc ........................................................... - 257 - 
5.4. Post-synthetic Metalation of UiO-67-Me2bpydc ............................................. - 259 - 
5.5. Post-synthetic reactions with 1-Me2ꞏCoCl2 ..................................................... - 268 - 
5.6. Summary .......................................................................................................... - 273 - 
5.7. Experimental .................................................................................................... - 274 - 
5.8. References ........................................................................................................ - 281 - 
5.9. Appendix ........................................................................................................... - 289 - 
Chapter 6. Conclusions and Future Outlook ............................................................... - 298 - 
6.1.  Conclusions ...................................................................................................... - 298 - 
6.2.  Future Outlook ................................................................................................. - 300 - 
6.3.  References ........................................................................................................ - 302 - 







I certify that this work contains no material which has been accepted for the award of 
any other degree or diploma in my name, in any university or other tertiary institution and, to 
the best of my knowledge and belief, contains no material previously published or written by 
another person, except where due reference has been made in the text. In addition, I certify that 
no part of this work will, in the future, be used in a submission in my name, for any other 
degree or diploma in any university or other tertiary institution without the prior approval of 
the University of Adelaide and where applicable, any partner institution responsible for the 
joint-award of this degree. 
I acknowledge that copyright of published works contained within this thesis resides 
with the copyright holder(s) of those works.  
I also give permission for the digital version of my thesis to be made available on the 
web, via the University’s digital research repository, the Library Search and also through web 
search engines, unless permission has been granted by the University to restrict access for a 
period of time.  
I acknowledge the support I have received for my research through the provision of an 
Australian Government Research Training Program Scholarship. 
 
 





Foremost, I would like to express my sincere gratitude to my supervisors Prof. 
Christopher Sumby, Prof. Christian Doonan and Dr Kenji Sumida for their continuous support 
and advice throughout my candidature. I would like to specifically thank Chris and Christian 
for their guidance, insight, and immense knowledge base without which this thesis would not 
have eventuated.  
It is my pleasure to acknowledge the roles of several individuals who were instrumental 
for the completion of my PhD research. Firstly, I would like to thank Assoc. Prof. Shuhei 
Furukawa for my two month placement within his lab in Kyoto. My time spent in his group 
shaped my methodology and provided much inspiration for the work detailed in this thesis. I 
would like to express my gratitude to Assoc. Prof Stephen Bell for his assistance with 
experimental planning, GC-MS training, and sarcastic reminders that I should be doing work. 
Thanks also to both Matthew Bull and Peter Apoefis as without their vast technical knowledge 
and assistance many of my catalytic experiments would never have come to fruition. In 
addition, I would like to thank the staff at Adelaide Microscopy, Ken Neubauer and Sarah 
Gilbert, for their support with instrumentation. 
To all of the members of our extended research group, specifically past and present 
members of Johnson room 104; thank you for all of the good times, the many cakes and lab 
outings. I would like to acknowledge the mentorship of Dr Jesse Tao, Dr Campbell Coghlan 
and Dr Alexandre Burgun at various points of my candidature. 
 To my friends and family, I am grateful for all of the support and love you have given 
me. David, Simone, Anita, Peter, Nathaniel, Phoebe, Aaron and Tianyi, thank you for providing 
moments of much needed respite and countless free meals. I would like to express gratitude to 
Kate, Harley, Pat and Aimee for their enduring friendship, support, and for making this time 
so enjoyable. 
And finally, I would like to thank my amazing partner Natasha, who has been my rock 
throughout the best and worst experiences of my PhD candidature. I could never have made it 







AA  Acetic acid 
AAS  Atomic absorption spectrometry 
acac  Acetylacetonate 
adc  Anthracenedicarboxylate 
BA  Benzoic acid 
BET  Brunauer-Emmett-Teller 
bdc  1,4-benzenedicarboxylate 
bpy  4,4’-bipyridine 
Cetane  n-hexadecane 
COD  Cyclooctadiene 
CSD  Cambridge structural database 
CS-MOF Core-shell metal-organic framework 
CTAB  Cetyltrimethylammonium bromide 
DFT  Density functional theory 
DMA  N,N-dimethylacetamide 
DMBIM  5,6-dimethylbenzimidazole 
DMF  N,N-dimethylformamide 
DMSO  Dimethyl sulfoxide 
DNA  Deoxyribonucleic acid 
DUT  Dresden University of Technology 
EDX  Energy-dispersive X-ray spectroscopy 
EtOH  Ethanol 





GC-FID Gas chromatography-flame ionising detector 
H2bpdc 4,4’-biphenyl-dicaboxylic acid 
H2bpydc 2,2’-bipyridyl-5,5’-dicarboxylic acid 
ICP-MS Inductively coupled plasma mass spectrometry 
IR  Infrared  
Isocetane 2,4,4,6,8-heptamethylnonane 
LAOs  Linear-α-olefins 
MAO  Methylaluminoxane 
Me2bpydc 6,6’-dimethyl-(2,2’-bipyridine)-5,5’-dicarboxylic acid 
MeCN  Acetonitrile 
MeOH  Methanol 
MIL  Matérial Institut Lavoisier 
MMM  Mixed-matrix membrane 
MOF  Metal-organic framework 
MOP  Metal-organic polyhedra 
NMR  Nuclear magnetic resonance 
NU  Northwestern University 
PCN  Porous coordination network 
PCP  Porous coordination polymer 
PPA  Phenylphosphinic acid 
PSMet  Post-synthetic metalation 
py  pyridine 
PXRD  Powder X-ray diffraction  





SALE  Solvent-assisted-ligand-exchange 
SBU  Secondary building unit 
SE  Secondary electron 
SEM  Scanning electron microscopy 
SCXRD Single-crystal X-ray diffraction 
SLER  Surface ligand exchange reaction 
STP  Standard temperature and pressure 
TBAPy 1,3,6,8-tetrakis(p-benzoic acid)pyrene 
TFA  Trifluoroacetic acid  
THF  Tetrahydrofuran 
TMB  3,3’,5,5’-tetramethylbenzidine 
TOF  Turn over frequency 
TON  Turn over number 
UiO  University of Oslo 
ZIF  Zeolitic imidazolate framework 








 Metal-organic Frameworks (MOFs) are a class of porous crystalline materials formed 
from the self-assembly of organic and inorganic components. Due to the modular nature of 
their synthesis and reversibility of metal-ligand bonding, these materials can be tailored at the 
nanoscale and functionalised to suit specific applications including heterogeneous catalysis. 
However, in order to apply MOFs on an industrial scale they must be incorporated within 
existing technologies and to do so they must be synthesised with defined particle sizes with 
precise control over their nanoscale structure (i.e. size, morphology, and surface chemistry). 
The work presented in this thesis investigates the influence of nanoscale structuralisation on 
MOF catalysis. 
 The first chapter introduces MOFs as versatile materials for heterogeneous catalysis 
and discusses how their nanoscale structure can be altered to enable better integration within 
existing technologies. New materials phenomena have arisen from alterations to the particle 
size, morphology, and surface chemistry of MOFs, indicating the potential for the optimisation 
of MOF catalysts through nanoscale structuralisation. 
 Chapter 2 presents a systematic investigation of the influence of particle size and 
morphology on surface catalysis of a zinc-based MOF, Zeolitic Imidazolate Framework 8 (ZIF-
8). Herein, ZIF-8 was synthesised at discrete particle sizes (50 nm to 100 µm) with three 
distinct crystal morphologies (rhombic dodecahedral, truncated rhombic dodecahedral and 
cubic) and the surface catalysed transesterification of hexanol with vinyl acetate was 
investigated. 
 Work in Chapter 3 explored the impact of surface to volume ratios on the activity and 
reaction selectivity of a rhodium(I) homogeneous catalyst site isolated post synthetically at 
vacant chelating sites within the zirconium framework UiO-67-bpydc (UiO = University of 
Oslo, bpydc = 2,2’-bipyridyl-5,5’-dicarboxylic acid). The particle size and ligand loading of 
UiO-67-bpydc was controlled through crystal engineering techniques of coordination 
modulation and mixed ligand synthesis, resulting in discrete particle sizes of 100 nm, 1 µm and 
10 µm, and 0-100% bpydc incorporation. Particle size and pore confinement effects were 
shown to influence the reaction selectivity (hydroformylation/hydrogenation) and activity of 




 Chapter 4 extends the investigations initiated in Chapter 3 to gas phase catalysis of 
ethylene oligomerisation within a core-shell framework post-synthetically metalated with 
[PdMe(MeCN)]BF4. Taking advantage of the reversibility of metal-ligand bonds within MOFs, 
diffuse core-shell framework composites were synthesised via slow diffusion solvent-assisted-
ligand-exchange. The activity and selectivity of core-shell catalysts with active sites localised 
at the interior, exterior, and throughout framework were subsequently studied. 
 Finally, in Chapter 5, the attempted isolation of reactive intermediates was investigated 
with an isostructural zirconium-based framework, UiO-67-Me2bpydc (Me2bpydc = 6,6’-
dimethyl-(2,2’-bipyridine)-5,5’-dicarboxylic acid). Using protocols developed in preceding 
chapters, the crystal engineering techniques of coordination modulation, modulator exchange, 
and “crystal healing” large X-ray quality crystals of UiO-67-Me2bpydc were synthesised and 
an X-ray crystal structure could be obtained. Preliminary experiments demonstrated that small 
tetrahedral transition metal complexes, such as those formed when CoCl2 and ZnCl2 coordinate 
at the 2,2’-bipyridine site, could be isolated within the framework and their structures 
determined via single crystal X-ray diffraction (SCXRD). In this manner UiO-67-Me2bpydc 
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Chapter 1. Introduction 
1.1.  Background 
1.1.1. Supramolecular Chemistry 
Supramolecular chemistry is the study of intermolecular bonding, investigating the 
extension of a molecules chemistry in terms of its interactions with other molecules, i.e. 
‘chemistry beyond the molecule’.1 The field of supramolecular chemistry involves the design 
and construction of assemblies of higher complexity or ‘supermolecules’ from simple small 
molecular building blocks held together by non-covalent reversible interactions.2 In general 
these interactions are weaker than typical covalent bonds and include van der Waals forces,3 
dipole-dipole interactions,4 hydrogen bonding,5 π-π interactions, halogen bonding,6 and metal-
ligand interactions amongst others.7-9 Such intermolecular interactions are ubiquitous in the 
physical world and govern the formation of structures essential to life.  
Supramolecular chemistry can be dissected into two broad domains: self-assembly and 
host-guest chemistry. Self-assembly is the spontaneous and reversible association of molecular 
building blocks to form complex assemblies.10 The reversibility of the self-assembly process 
enables supramolecular systems to adapt to local changes and self-correct during formation.4 
One such fundamental example is the double stranded helical structure of DNA; in which two 
polymeric strands are held together through π-π interactions and hydrogen bonding between 
complimentary base pairs.11-12 The bonding between the two complimentary strands is 
reversible, allowing for DNA replication and repair. On the other hand, host-guest chemistry 
refers to the molecular recognition of small guests within specific binding sites of a host 
molecule. Host-guest interactions are essential in many biological receptor systems and 
interfaces.13-14 Substrate binding within enzymes, referred to as the induced fit mechanism, 
exemplifies the efficient and functional supramolecular assemblies derived from nature. 
Synthetic chemistry has since adopted these concepts in a variety of ways including, selective 
anion recognition by organic dyes and the self-assembly of block co-polymers,15-16 which can 
be applied in molecular sensing and organic electronics respectively.  
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1.1.2. Metallosupramolecular Chemistry 
 The toolkit of supramolecular chemistry is by no means limited to organic systems and 
can be extended to inorganic systems. Metallosupramolecular chemistry refers to the self-
assembly of complex architectures from organic and inorganic building blocks, directed by 
reversible non-covalent metal-ligand bonds. The strength of a metal-ligand bond can vary 
between that of hydrogen and weak covalent bonds, allowing for great control over the form 
and function of metallosupramolecular assemblies.9 Since its inception, this field has expanded 
toward the construction of increasingly complex and intricate discrete structures such as 
helicates,17 molecular knots,18 squares,19 tetrahedra,20 coordination cages and metal-organic 
polyhedra (MOPs) (see Figure 1.1).9, 21-22 Such studies rely on the combination of convergent 
components to direct the construction of said discrete metallosupramolecular structures, 
conversely the use of divergent components results in the formation of infinite assemblies.23 
 
 
Figure 1.1: Schematic representations of discrete metallosupramolecular structures including 
helicates (I), squares (II) and metal-organic polyhedra (III), synthesised from combinations of 
different di-topic linkers and metal nodes with varied geometries, octahedral metal ions (light 
blue) and square planar metal paddle wheel dimer (orange). 
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1.2.  Metal-Organic Frameworks 
1.2.1. Overview 
 A further extension of the principles of metallosupramolecular chemistry can be 
observed in the bourgeoning field of metal-organic frameworks (MOFs). These materials are a 
subclass of coordination polymers and have been the subject of intense study for the past 20 
years, with over 2000 new papers published every year.24 MOFs are crystalline highly porous 
extended materials formed from the self-assembly of divergent inorganic and organic subunits. 
The structure of MOFs can be controlled through judicious selection of inorganic metal nodes 
and organic ligands, enabling the formation of 1, 2 and 3 dimensional structures (see Figure 
1.2).25 The multitude of potential metal and ligand combinations led to the discovery of a large 
library of new materials with a diverse range of properties including but not limited to high 
porosity, large internal surface areas and chemically mutable structures.26 Consequently, MOFs 
are promising candidates for many industrially relevant applications, such as gas storage,27-30 
molecular separations,31-34 heterogeneous catalysis,35-39 and are poised for integration within 
biological,40-43 medicinal,44-46 and high precision sensing fields.47-49  
 
Figure 1.2: Schematic representations of 1, 2, and 3-D frameworks (left to right) formed from 
the combination of  metal nodes and organic ligands. 
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1.2.2. Synthesis and Characterisation of MOFs 
The study of MOFs is an inter-disciplinary field bridging synthetic (organic and 
inorganic), physical and materials chemistry, requiring the utilisation of a wide range of 
techniques to prepare and properly analyse these materials. MOFs are highly ordered 
crystalline materials, as such elucidation of their structures is often performed via X-ray 
crystallographic techniques. Consequently, in the early years of the field the initial focus of 
MOF synthesis was to produce large, single crystals for ease of structural characterisation. The 
reversibility of metal-ligand bonds between subunits allows excellent control over MOF self-
assembly, enabling the formation of thermodynamic products (extended frameworks) rather 
than the kinetic formation of discrete complexes. There are a wide range of reported synthetic 
conditions including variation in temperature, solvent composition, reagent ratios, reagent 
concentrations and reaction times. As such, the high through-put screening of synthesised 
materials via powder X-ray diffraction (PXRD), to probe their crystallinity/long range 
structural order, has been widely implemented to verify their quality. 
1.2.3. Modulated Synthesis 
Crystal engineering techniques, such as coordination modulation, have also been 
implemented to control the rate of MOF formation, thereby modulating crystal size and 
morphology. Coordination modulation involves the addition of monotopic non-bridging 
ligands, which can either influence the linker deprotonation equilibria or act as capping agents, 
reversibly competing with the bridging ligands at vacant coordination sites of the metal 
centre.50 Monotopic ligands are able to impact the crystal size of MOFs by controlling rate of 
crystal nucleation and impart morphological control by preferentially binding to certain crystal 
facets, see Figure 1.3.51 The role that modulators play in regulating crystal shape, size and 
monodispersity is dictated by their pKa, steric profile and concentration.52  
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Figure 1.3: Schematic of crystal size/morphological control of MOFs through variation in 
synthesis conditions including solution pH and the inclusion of monotopic modulators with 
affinities for different crystal facets in the structure. 
Modulators have also been shown to improve the crystallinity of frameworks, most 
notably in the synthesis of zirconium-based MOFs such as the UiO (University of Oslo) and 
PCN (porous coordination network) families. The prototypical synthesis of these systems 
involves rapid nucleation and low reversibility of bond formation between oxophilic Zr4+ salts 
and di-/tetra-topic carboxylic acid linkers (commonly terephthalic acid, biphenyl-4,4’-
dicarboxylic acid or tetrakis(4‐carboxyphenyl)porphyrin for the UiO and PCN families 
respectively) which precludes control over crystal size or morphology.50, 53-54 Monotopic 
modulators were subsequently introduced to slow the kinetics of the reaction, increasing the 
reversibility of ligand exchange which resulted in the synthesis of homogeneous highly 
crystalline Zr-based MOFs. The inclusion of monotopic ligands into the reaction mixture leads 
to the initial formation of Zr-modulator coordination complexes, and over time the modulators 
are replaced with the di-topic bridging ligand initiating framework formation.53 This exchange 
equilibrium provides control over crystallization rates and enables control over product 
morphology, with certain groups being able to demonstrate the transformation from amorphous 
intergrown crystallites to highly crystalline monodispersed phases through the addition of 
monotopic modulators such as benzoic acid or acetic acid.53 Additionally, the pKa of the 
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modulator can be leveraged to control porosity (defects),55 surface charge and crystal size 
dispersity.56 
1.2.4. Higher-Order Structuralisation of MOFs 
 In recent years, research in MOF chemistry has focussed on structural processing, in 
order to make these materials more suitable for integration in existing technologies. The higher-
order structuralisation of MOFs refers to optimising the synthesis of these materials over a 
variety of length scales, as displayed in Figure 1.4, in order to improve their processability. At 
the molecular scale (< nm), the modular approach to synthesis enables control over the 
generation of desired network structures based on precursor selection. This allows material 
properties such as pore size, chemical functionality, and stability to be highly tuneable. 
Additionally, molecular scale control over the spatial distribution of mixed ligand/node 
domains within the framework further increases the complexity of the materials which can be 
formed.57 At the nanoscale (nm-µm), the features of individual crystals such as crystal size, 
morphology and surface chemistry can be manipulated. Individual crystals can be utilised as 
building blocks to construct larger structures at the mesoscale (µm-mm), leading to the 
formation of sophisticated architectures including thin films,47-48, 58 hollow spheres,59 and 
monolithic systems.60-62 Higher-order structuralisation can be further extended to the 
macroscale (> mm), which is the external shaping of MOF systems into a desired macroscopic 
form e.g. pelletization.63 Higher-order structuralisation provides the opportunity for the 
emergence of new properties, independent of the molecular composition and network structure 
of the MOF. In terms of adsorption-based applications (the storage and separation of gases), 
the adsorptive capacity,64 molecular diffusion rates and dynamic properties (flexibility) of the 
framework have been shown to differ considerably for structuralised materials relative to those 
of the bulk form of the MOF (single crystals).65-68 As such, a systematic understanding of how 
the structural processing of MOFs influences their physical properties is therefore paramount 
if these materials are to successfully transition from the laboratory to industrial applications. 
This thesis will focus on the first two length scales (molecular and nanoscale), which will be 
henceforth termed nanoscale structuralisation.  
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Figure 1.4: Various length scales of MOF systems including; molecular-, nano-, meso- and 
macroscale.69 Figure adapted from reference 69. 
1.3.  Nanoscale Structuralisation of MOFs 
Control over the nanoscale structure of MOFs is essential for their integration within 
high-precision devices and for the fabrication of MOF-containing composites.70 The nanoscale 
structuralisation of MOFs involves the manipulation of crystal size, morphology, and surface 
chemistry of these systems. Typically control of this nature can be achieved through variations 
in the reaction conditions, as discussed previously, to direct the self-assembly process towards 
crystals of the desired form. Although there have been advances towards the nanoscale 
structuralisation of MOFs, few studies have systematically probed the properties of the 
resulting materials. Further to this point, new materials phenomena have arisen from early 
studies in this area, suggesting this field could provide new pathways to optimise the 
performance of MOF materials. 
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1.3.1. Crystal Size 
 Changing the crystal size of MOFs has been shown to impart unique physical 
characteristics to the materials. Fundamentally, downsizing MOFs alters guest molecule 
diffusion rates and the surface to volume ratios (internal vs external surface area).71 Changes 
in these two factors have resulted in alterations in the properties of MOF systems, including 
but not limited to: gas adsorption capacity,72-73 framework flexibility,68, 74 gate opening 
pressures,75-77 structural reorganisation,78 shape memory,79 pressure amplification,80 drug 
release rates,81-82 and catalytic activity.83-84 A broad range of MOFs can be readily prepared in 
a highly monodispersed fashion at different sizes, enabling the systematic evaluation of size 
effects. The following examples highlight a selection of these studies, emphasising the 
importance of analysing and understanding the impact of crystal size on the properties of 
MOFs. 
 One of the most well-studied MOF systems with respect to control of crystal size is 
Zeolitic Imidazolate Framework-8 (ZIF-8; [Zn(2-mIM)2], 2-mIM - = 2-methylimidazole). ZIF-
8 is a porous framework consisting of tetrahedral Zn2+ nodes bridged by 2-mIM - linkers in a 
sodalite topology and featuring cages within the structure with 3.4 Å apertures. These materials 
are well known for their structural flexibility upon guest incorporation, which arises from the 
rotation of imidazole linkers lining the pores as the pressure increases, enabling the 
accommodation of a greater density of guest molecules into the framework. 75, 85  This structural 
transition results in steps in the N2 and Ar adsorption isotherms (77 and 87 K respectively).68, 
85-86 In one study the relationship between structural transitions within ZIF-8 and crystal size 
was probed over a range of sizes from 60 nm to 88 µm (synthesised from select conditions). A 
significant size dependence in the transition pressure was observed (see Figure 1.5), with the 
onset pressure of the structural transition increasing as the crystal size of ZIF-8 was reduced. 
86 The variation in structural flexibility is related to the change in surface to volume ratio of the 
crystals, which is large in smaller crystals. Since the pores of the framework which are close 
to the surface have lower adsorption enthalpies for Ar, higher pressures are necessary to 
achieve the degree of pore filling required for the structural transition of smaller crystals.86  
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Figure 1.5: Ar (87 K) adsorption isotherms of various sized crystals of ZIF-8, as plotted on a) 
a logarithmic and b) a linear pressure scale (x axis). The filled and open symbols represent the 
adsorption and desorption branches of the isotherm respectively, the isotherms are offset by 
200 cm3g-1 for clarity.86 Figure adapted from reference 86. 
 In another salient study, the downsizing of crystals of the two fold interpenetrated MOF 
[Cu2(bdc)2(bpy)] (bdc= 1,4-benzenedicarboxylate, bpy = 4,4’-bipyridine) produces a material 
with different physical properties to those of micrometre size crystals (see Figure 1.6).79 Here, 
the conventionally synthesised material demonstrates structural flexibility upon guest 
adsorption, reversibly transitioning between closed (guest free) and open (guest filled) forms. 
Upon reducing the crystal size to 50 nm, a third temporary open guest free phase is observed, 
and can be converted back to the closed form upon thermal treatment.79 This novel structural 
flexibility is defined as a shape memory effect.79 The emergence of this meta-stable state results 
from size dependent kinetic suppression of the phase transition, between meta-stable open and 
closed, and could be due to a decrease in the number of lattice defects. Larger crystals formed 
over a longer period would statistically contain fewer defects than smaller crystals, allowing 
for a larger kinetic suppression in defect rich crystals. 79 This insight is consistent with the 
premise that given time and energy, there is a degree of self-correction in the formation of 
PCP/MOFs afforded by the labile metal-ligand bonds. Similarly, gate opening upon 
downsizing has also been observed for other systems including DUT-8(Ni) (Dresden 
University of Technology) and the interdigitated Hoffman type framework [Fe(py)2[Pt(CN)4] 
(py = pyridine), and is often attributed to the lowering of the potential energy barrier (to gate 
opening) with reduced crystal/film size.76-77  
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Figure 1.6: A schematic diagram to show the influence of downsizing [Cu2(bdc)2(bpy)] crystals 
to the nanometre, demonstrating the shape memory effect.79 Figure adapted from reference 79. 
1.3.2. Morphology 
 The morphology control of MOF crystals is important because for many systems, the 
different facets of the crystal surface will have intrinsically distinct chemical features.87-88 
Control over crystal morphology enables predictable exposure of certain crystal facets and 
allows control over surface reactivity, stability and diffusion kinetics.88-89 There are several 
different routes to morphology control, but one of the most common is coordination modulation  
(as discussed previously).90-93 The following examples highlight studies which investigate the 
shape dependence of MOF materials on their adsorptive and catalytic properties. 
 Introducing selective coordination modulators into a MOF system which contains two 
distinct coordination environments has been shown to allow considerable control over 
morphology for [Cu2(ndc)2(dabco)].89 This framework is isostructural to the [Cu2(bdc)2(bpy)] 
framework, as discussed previously, consisting of square grid layers of di-nuclear copper-based 
paddlewheels bridged by ndc2- ligands, pillared by dabco units. Due to the variation in ligand 
types in this framework (i.e. carboxylic acid groups and N-donor groups), anisotropy could be 
introduced into the crystallisation process through the addition of modulators containing 
similar oxygen- or nitrogen-based donating groups as the framework ligands. Three distinct 
morphologies were realised; nanocubes, nanosheets and nanorods, based on the ratio of 
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monotopic modulators (acetic acid and pyridine) added (see Figure 1.7). The adsorption 
properties of each of the nano-morphologies was probed via N2 and CO2 adsorption isotherms 
(77 and 273 K respectively). All of the nano-crystalline morphologies displayed enhanced 
adsorption capacities for N2, which was also observed in the higher Brunauer-Emmet-Teller 
(BET) surface areas of the nanocube (1040 m2g-1), nanosheet (1175 m2g-1), and nanorod (1180 
m2g-1) samples relative to the conventionally synthesised bulk material (916 m2g-1).89 
Similarly, the nano-scale crystals exhibited higher CO2 adsorption capacities relative to the 
bulk MOF. These enhanced adsorption properties are primarily attributed to the variations in 
the ratios of exposed surfaces, which are expected to have different chemical and electrostatic 
affinities towards guest molecules (based on the orientation of the two porous channels in the 
framework).89, 94  
 
Figure 1.7: a) A schematic diagram to show crystal growth modulation in the 
[Cu2(ndc)2(dabco)] framework by addition of a monocarboxylic acid (acetic acid) and an amine 
(pyridine), and b,c) adsorption isotherms for N2 at 77 K and CO2 at 273 K, respectively, for the 
samples.89 Figure adapted from reference 89. 
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 Recently, the morphology dependence of MOF samples on their catalytic activity has 
been reported. Excellent intrinsic peroxidase-like activity has been reported for several iron-
based MOFs including Fe-MIL-88NH2 (MIL = Matérial Institut Lavoisier),95 MIL-68 and 
MIL-100.96-97 In order to systematically investigate the shape dependent activity of similar 
systems, three distinct morphologies, octahedron, bipyramidal hexagon and spindle, of an iron-
bdc MOF (Fe-MIL-88) were synthesised (with the addition of modulators sodium acetate and 
glycerol), and the activity was analysed.98 The oxidation of 3,3’,5,5’-tetramethylbenzidine 
(TMB) was monitored by following the 650 nm absorption band of the oxidised product (ox-
TMB). It was shown that the peroxidase-like activity of Fe-MIL-88 was related to crystal 
morphology, with the different morphologies displaying varied activity in the order of 
bipyramidal hexagonal>octahedron>spindle.98 Highest activity observed was attributed to the 
cracking of the bipyramidal hexagonal crystals during catalysis, exposing more metal sites 
(specific surfaces). This crystal degradation was potentially due to the enhanced breathing 
effect of the bipyramidal hexagonal crystals relative to the other morphologies. Hence, the 
intrinsic catalytic activity of certain MOFs relates to the exposure of active sites, which can 
come from crystal degradation as well as morphological control, but due to the limited studies 
in this area, these phenomena are poorly understood. 
1.3.3. Surface Chemistry 
Given the lability of the metal-ligand bonds of MOFs, their exterior surfaces are well 
positioned for chemical functionalisation to better enable their integration within existing 
technologies. There are three categories of surface modifications with MOFs: during MOF 
synthesis via coordination modulation (as discussed previously), post-synthetic, and the 
epitaxial growth of MOF systems on the surface of other MOFs.99 Surface modifications can 
enable control over the chemistry at the entrance to framework pores, terminating functional 
groups and porosity of the exterior framework. As such, subtle changes to MOF surface 
chemistry can enable a myriad of effects including surface passivation, adsorptive capacity, 
and selectivity. The following examples highlight how the external surface chemistry of MOFs 
can be influenced to alter or improve the properties of the framework.  
Post-synthetic surface functionalisation often involves the exchange of terminating 
ligands with ones that can provide additional functions including but not limited to altering the 
hydrophobicity/hydrophilicity of the MOF. In one such example, the surface ligands of ZIF-8, 
2-mIM were exchanged with the hydrophobic ligand 5,6-dimethylbenzimidazole (DMBIM) 
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via a surface ligand exchange reaction (SLER), see Figure 1.8.100 The composite material ZIF-
8-DMBIM demonstrated enhanced stability towards hydrolysis under hydrothermal 
conditions, with the outer hydrophobic layer protecting the ZIF from attack by water. 
Additionally, the increased hydrophobicity afforded by the ZIF-8-DMBIM composite enabled 
direct integration within a mixed-matrix membrane (MMM), and this membrane exhibited 
improved selectivity for the recovery of isobutanol from water relative to one consisting of just 
ZIF-8. The improved selectivity was attributed to the increased hydrophobicity, decreased 
threshold pressure for isobutanol adsorption and enhanced transport diffusivity of the 
composite post SLER. This example indicates that modifications to the surface chemistry of 
MOFs can have a significant impact on the host-guest chemistry of the framework, due to 
changes in the chemical environment at pore openings.99 Ligand exchange has been shown 
with other MOF systems,101-102 but controlling the location of such exchange is non-trivial, 
being directed by a number of factors including ligand solubility, steric bulk and diffusion 
amongst others.103-104 
 
Figure 1.8: a) A schematic representation of the shell-ligand-exchange-reaction (SLER) 
process of ZIF-8 to form the ZIF-8-DMBIM composite, and SEM images of b) ZIF-8 and c) 
ZIF-8-DMBIM with inserts of the corresponding TEM images and contact angle images of 
water droplets.100 Figure adapted from reference 100. 
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Epitaxial growth of MOFs on the surface of other MOFs enables access to hybrid 
systems with properties that cannot be achieved by either unfunctionalized MOF alone. Core-
shell MOF formation can be achieved via epitaxial growth and there are several examples 
where the shell MOF differs from the core through variation of the shell ligand,105 metal node 
or a combination of the two.57 These complex architectures have been examined through the 
formation of MOF-5@IR-MOF-3 and IR-MOF-3@MOF-5 composites which were formed 
from sequential growth from seed crystallites (see Figure 1.9). In that study a templating effect 
was observed, whereby the growth of MOF-5 on the seed crystal of IR-MOF-3 produced non-
interpenetrated MOF-5 under conditions which would typically result in the formation of phase 
impure material (interpenetrated and non-interpenetrated). Core-shell structures have also been 
shown to demonstrate unique bulk properties, as seen with the hybrid structure comprised of a 
[Zn2(1,4-bdc)2(dabco)]n core coated with a [Zn2(9,10-adc)2(dabco)]n shell (adc = 
anthracenedicarboxylate).106 The outer framework, [Zn2(9,10-adc)2(dabco)]n, was shown to 
selectively absorb cetane (n-hexadecane) over isocetane (2,4,4,6,8-heptamethylnonane) due to 
the steric bulk of the 9,10-adc linker and smaller pore openings. Conversely, the inner 
framework, [Zn2(1,4-bdc)2(dabco)]n, displayed appreciably higher storage capacities, due to its 
larger pore volume, but displayed poor selectivity for the absorption of the two isomers. The 
core-shell hybrid however combined the selectivity of the outer framework with the increased 
storage capacity of the inner framework to display enhanced selective uptake of cetane over 
isocetane (see Figure 1.9). As such, surface modification of a MOF system, by increasing its 
complexity via epitaxial growth, can produce a hybrid material with properties that are 
inaccessible without modification.  
Chapter 1 Introduction  
- 16 - 
 
 
Figure 1.9: Microscope images of core-shell MOFs a) IRMOF-3@MOF-5 and b) MOF-
5@IRMOF-3 (scale bar = 0.2 mm).105 c) Cetane storage of [Zn2(9,10-bdc)2(dabco)]n, 
[Zn2(9,10-adc)2(dabco)]n and the core-shell composite which demonstrates increased storage 
capacity and selectivity for linear cetane over isocetane.106 Figure adapted from references 105 
and 106. 
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1.4.  MOFs as Heterogeneous Catalysts 
1.4.1. Origins of Catalytic Activity 
One of the cornerstone applications of MOFs is in heterogeneous catalysis; this field  
was first explored in 1994 and has since grown dramatically over the past 26 years.107 There 
are a great number of reactions catalysed by homogeneous catalysts, but the 
recovery/reusability of these catalysts is limited because they exist in the same phase as the 
reactants and products. These catalysts can be heterogenized by grafting them onto solid 
supports to improve their recoverability and applicability in industrial catalysis. More recently 
heterogeneous catalysts have been developed based on MOFs, where the intrinsic catalytic 
activity originates from two places: coordinatively unsaturated metal sites (Lewis acid sites) 
and pendent acid/base sites from the organic ligands of the framework. Due to the chemically 
mutable nature of MOFs, both the metal and ligand active sites can be modified pre- or post-
synthetically, enabling incorporation of different functional groups or active sites for catalysis 
(see Figure 1.10).108  
 
Figure 1.10: Schematic representation of the catalytic active site origins within MOFs, on the 
left active sites within pristine MOFs are localised at metal nodes/organic ligand, frameworks 
can be further functionalised through by grafting sites on ligands (A), at metal nodes (B), or 
through the encapsulation of molecular catalysts/enzymes (C). 
As porous materials MOFs can also act as scaffolds to encapsulate and heterogenize a 
great diversity of active species, such as metal nanoparticles,109 molecular catalysts and 
biomacromolecule catalysts (enzymes), (see Figure 1.10).110-111 This encapsulation can 
enhance the stability and reusability of the previously homogeneous active species. As such, 
MOFs are able to combine the favourable qualities of both homogeneous and heterogeneous 
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catalysts including, excellent selectivity, high activity, and ease of recovery. MOFs have 
subsequently been utilised to catalyse a broad range of reactions, including CO2 reduction,112 
hydroboration,113 hydrogenation,114 transesterification,115 oligomerization,116 Friedel-Crafts 
and coupling reactions.102, 117  
1.4.2. Challenges with MOF Catalysis 
MOF catalysis is reliant on mass transport of substrates/products to and from active 
sites within/on the framework. To date there is minimal understanding about the synergistic 
relationship between reactants and MOFs during catalysis, which active sites are targeted and 
with what frequency. As such, these materials have not been optimised despite the tools to do 
so being readily available. One such example is that of ethylene dimerization catalysed by site 
isolated molecular nickel catalysts in the pores of NU-1000. In this study Hupp et al. reported 
excellent activity and selectivity for solution phase catalysis, but poor activity for gas phase 
catalysis until the crystals were manually crushed (downsized).118 The increased activity 
observed was purported to be a result of the reduced crystal size increasing catalyst site 
accessibility, but no systematic investigations were undertaken to confirm this observation or 
to determine whether the accessible active sites were on the interior or exterior of the crystals. 
Additionally, there are a selection of examples where reaction mechanisms with site isolated 
transition metal catalysts within MOFs have been followed via SCXRD, but these studies often 
follow relatively slow reactions which progress via the stepwise addition of guests.119 Whilst 
enabling the elucidation of reaction mechanisms, such studies do not provide information about 
which active sites within the framework are preferred and must be performed on large, pristine 
single crystals for structural analysis. 
If MOF catalysts are to be implemented on a more widely and/or integrated within 
existing technologies, the particle size at which they are produced must change. To do so 
different length scales of MOFs must be considered, most notably the nanoscale. As discussed 
in section 1.3, the nanoscale structuralisation of MOFs has the capacity to dramatically alter 
the physical properties of MOFs including diffusion rates, adsorptive capacity, and substrate 
selectivity, through precise control over the particle size, morphology, and surface chemistry. 
In the context of heterogeneous catalysis, control of this nature could enable optimisation of 
MOF catalysts to suit desired applications and allows for fundamental questions within the 
field to be explored.  
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In this thesis a systematic investigation of nanoscale structuralisation effects on 
catalysis with MOFs will be undertaken. Control over particle size, morphology, and surface 
chemistry of MOF catalysts will be covered, which will also include the subsequent testing of 
the activity/selectivity of these catalysts. The questions that this work aims to investigate 
include: determining which active sites are primarily accessed in frameworks during catalysis 
(internal vs external) and how this can be influenced by altering the ratio of exposed facets, the 
surface to volume ratios (particle size/morphology), or surface chemistry of MOFs. Elucidating 
of fundamental concepts in this area will inform future investigations into heterogeneous 
catalysis with MOFs, in the context of optimising these materials for applications outside of 
lab-scale use. Additionally, this work will also provide a perspective on the necessity of such 
studies within the MOF field. 
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1.5.  Thesis Coverage 
 This thesis presents a study of nanoscale structuralisation effects on catalysis with 
MOFs, with a specific focus on the control and characterisation of crystal size, morphology, 
and surface chemistry. This thesis is composed of a mixture of standard chapters and 
manuscripts that form the introduction and the subsequent chapters of research and discussion. 
All of the manuscripts were completed during the doctorial candidature. Chapters 1 and 6 are 
introduction and conclusion chapters, respectively. The first chapter has provided background 
information on MOFs, their applications, and how nanoscale structuralisation has been shown 
to impact the properties of these materials. Additionally, parts of Chapter 1 have been adapted 
from a review published in a peer reviewed, international journal.69 The final chapter gives a 
brief conclusion and discusses the future directions of the presented work. Both aim to provide 
context and understanding for the overall direction of the work presented in this thesis.  
The work presented in Chapters 2, 3 and 4 sought to target the overall aims of this 
thesis. Chapters 2 and 3 focussed on particle size effects on catalysis with MOFs; in 2 catalysis 
was localised at the exterior of the crystals whereas in 3 catalysis could occur within the pores 
of the framework, allowing for an investigation of pore confinement effects. Chapter 4 
investigated the impact of surface chemistry modification, in the formation of core-shell 
frameworks and further investigated internal catalysis. 
Chapter 2 details the systematic study of nanoscale structuralisation effects on the ZIF-
8 surface catalysed transesterification of hexanol with vinyl acetate. This chapter aims to 
simplify the nanoscale structuralisation study to just external crystal surface catalysis with ZIF-
8. Described in this chapter is the synthesis and characterisation of ZIF-8 at a range of different 
particle sizes and crystal morphologies. The activity of ZIF-8 samples with different sized and 
morphologies was examined, with smaller particle sizes exhibiting nominally higher surface 
activity, although at the cost of increased structural instability. This work highlights the 
importance of fundamental characterisation of MOF catalysts prior to their integration within 
existing technologies, specifically demonstrating crystal size-induced surface instability to 
reaction conditions. Chapter 2 has been adapted from a peer reviewed, international journal.120 
 Chapter 3 presents the investigation of particle size effects on ethylene 
hydroformylation by a rhodium(I) catalyst embedded within UiO-67-bpydc. Building upon the 
work detailed in Chapter 2, the work presented in this chapter seeks to explore how the crystal 
size of the MOF support impacts the activity and reaction selectivity of a coordinated 
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rhodium(I) catalyst. In this case catalysis can occur at exterior and interior sites of the MOF 
crystals, as such this study additionally probes pore confinement effects on catalyst selectivity. 
Initially, the synthesis and characterisation of three different particle sizes of  UiO-67-bpydc 
with different ligand loadings and their subsequent post-synthetic metalation with rhodium(I) 
species was investigated. The activity/selectivity for the gas phase 
hydroformylation/hydrogenation of ethylene were examined for each of the sizes. In this work, 
control of catalyst reaction selectivity for hydroformylation over hydrogenation was observed 
by increasing the particle size of the MOF scaffold supporting the homogeneous catalyst. 
 Chapter 4 sought to extend the observations of pore confinement mediated selectivity 
by focusing on internal catalysis through the synthesis of core-shell MOFs. The synthesis of 
core-shell MOF architectures was explored through a detailed study involving slow diffusion 
solvent-assisted-ligand-exchange (SALE) of the exterior ligands (as discussed above) of UiO-
67-bpydc with a ligand which cannot chelate metal species. The most promising candidate was 
subsequently metalated with [Pd(COD)(Me)MeCN)]BF4 and analysed for activity/selectivity 
for gas phase ethylene oligomerisation. Samples with active sites localised at the interior, 
exterior and throughout the crystal were examined, and it was determined that catalyst 
longevity was improved by localising active sites within the crystal. Unfortunately, catalyst 
deactivation through pore blockage was observed in all instances, but this work provided 
insight on catalyst stabilisation within the framework.  
 The work presented in Chapter 5 built upon the synthetic protocols developed in 
Chapter 4 and applying them to the synthesis of large single crystals of UiO-67-Me2bpydc. 
This MOF was then used to isolate reactive transition metal species and characterise their 
structure via single crystal X-ray crystallography (SCXRD). The investigations described 
within Chapter 5 highlight the challenges of collecting and solving structures which undergo 
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Chapter 2. Influence of Nanoscale Structuralisation on Surface Catalysis with ZIF-8 
2.1. Abstract 
  Although metal-organic frameworks (MOFs) have been shown to catalyse a wide 
range of reactions, understanding the influence of nanoscale structuralisation (e.g. crystal size 
and morphology) on their performance is a difficult challenge. Here, we have prepared Zn(2-
mIM)2 (ZIF-8; 2-mIM– = 2-methylimidazolate) crystals of varied size and morphology, and 
studied the catalytic properties of these samples in the context of the transesterification of vinyl 
acetate with hexanol. ZIF-8 has previously been shown to catalyse reactions at Lewis acidic 
sites at the crystal surface and at defect sites. The substrates were selected as they are 
significantly larger than the pore apertures, allowing the reaction to be confined to the surface 
of the crystals and providing the best opportunity to understand the influence of the 
structuralisation on the observed properties. In this case, the rate of hexyl acetate production 
increased as the crystal size was reduced; however, the effect of crystal morphology on the rate 
of reaction was not appreciable due to the instability of ZIF-8 under catalytic conditions. It was 
clearly observed that the surface of ZIF-8 was unstable in catalytic conditions featuring 
hydrophobic reagents with polar functional groups, with scanning electron microscopy (SEM) 
revealing indiscriminate etching of all crystal surfaces. Atomic adsorption spectrometry (AAS) 
analyses confirmed the etching led to significant leaching of Zn2+, which was observed to 
contribute considerably to the catalytic activity of ZIF-8. Our results highlight the need for 
fundamental characterisation of MOF catalysts to enable their deployment under a wider 
variety of catalytic conditions. 
2.2. Introduction 
 The catalytic properties of metal-organic frameworks (MOFs) have attracted increased 
attention in recent years.1-3 The modular synthesis of MOFs, from a combination of organic 
linkers and metal nodes,4 imbues these materials with features that are highly desired for 
catalysis including; large surface areas, high substrate adsorption capacity and chemical 
tunability with respect to their internal pore environment.4-5 As such, MOFs can act as 
heterogeneous catalysts via an intrinsic activity stemming directly from the metal 
nodes/organic ligands, or by supporting catalytic moieties that resemble their homogeneous 
counterparts.5-10 MOFs have been shown to catalyse a broad range of reactions. Both the 
Knoevenagel condensation11 and Suzuki coupling reactions have been catalysed by MOFs for 
fine chemical synthesis,12-13 while industrially relevant reactions such as esterification,14 
transesterification,7 and ethylene oligomerization reactions have also been explored.15-16  
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 Crystal size and morphology have been shown to impact the physical properties of 
MOFs.17 Crystal size can affect the framework flexibility,18-20 and even the rate at which a 
"structurally-locked" framework recovers its flexibility.21 Meanwhile, modulators used to 
control crystal morphology, and which remain bound to crystal surfaces, can alter guest 
adsorption throughout the pores and at the crystal surface.22-23 In the context of heterogeneous 
catalysis, control over the crystal size is expected to be crucial for optimising the diffusion path 
lengths for both reactant and product molecules and for varying ratio between external and 
internal surface areas.24 Additionally, tuning the crystal morphology can alter the ratios 
between exposed crystal facets, which could potentially enhance catalytic performance by 
increasing the density of active sites at the surface of the MOF.25 Despite its potential to greatly 
enhance the catalytic performance of MOFs, the effect of nanoscale structuralisation of this 
type is not well-understood. Therefore, studies that probe the effects of such modifications on 
the catalytic properties of MOFs are urgently needed. 
 The characterisation of MOFs as catalysts is complicated by the fact that the chemical 
environment available on the crystal surface and within the inner pores is often distinct. As a 
first step in analysing the influence of crystal size and morphology a system where the catalytic 
reaction is restricted to the surface is desirable. For example, the Zn(2-mIM)2 framework (ZIF-
8; 2- mIM– = 2-methylimidazolate), which comprises tetrahedral Zn2+ nodes bridged by 2-
mIM– linkers to form a sodalite-like structure, has been shown to catalyse a variety of reactions 
at Lewis acidic sites on its crystal surface, including the transesterification of triglycerides and 
Knoevenagel condensation reactions.7, 11, 26-29 Since the crystallographically measured pore 
aperture of ZIF-8 is 3.4 Å, in order to probe surface catalysis, a catalytic reaction involving 
molecules with dimensions significantly larger than this value were used.30 Further, the well-
established synthetic protocols for ZIF-8 allow a variety of crystal sizes and morphologies to 
be obtained while maintaining a high level of crystallinity.18-19, 31  
Herein, we report an investigation into ZIF-8 surface catalysis in the context of model 
a transesterification reaction, as a function of both crystal size and morphology. Building on 
established protocols, ZIF-8 was synthesised with a precise control over the crystal size and 
morphology. Six crystal sizes of ZIF-8 ranging from 50 nm to 100 m were synthesised. The 
effect of the crystal morphology was examined specifically at the 500 nm (rhombic 
dodecahedra and cubic) and 100 m size regimes (rhombic dodecahedra and truncated rhombic 
dodecahedron). The catalytic performance of each of the ZIF-8 samples was examined for the 
transesterification of hexanol and vinyl acetate using two representative experimental protocols 
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(stirred and agitated using a plate shaker/incubator). Interestingly, an increase in the rate of 
hexyl acetate production was observed with a reduction in crystal size, but the magnitude of 
the rate increase was smaller than expected based on the difference in external surface areas. 
This prompted closer examination of the ZIF-8 crystals before and after catalysis, which 
revealed indiscriminate etching of all of surfaces of the crystal. Furthermore, atomic absorption 
spectroscopy (AAS) confirmed Zn2+ leaching, with smaller crystal sizes being more susceptible 
to Zn2+ release than larger crystals. The amount of Zn2+ leached correlated to the catalytic 
activity of each ZIF-8 particle size regime, with a significant proportion of the catalytic activity 
being attributed to Zn2+ in solution rather than at the surface of ZIF-8 (Figure 1.1). Surface 
etching and Zn2+ leaching was also observed for ZIF-8 under conditions in which the 
Knoevenagel condensation reaction can be catalysed by ZIF-8. In all, these observations 
indicate that while MOF crystal size and morphology can have considerable influence on the 
catalyst performance, the characterisation of the activity can be complicated by issues 
pertaining to stability, transition metal leaching and mechanical degradation. As such, this 
current study highlights that significant care is required in the characterisation of MOFs as 
heterogeneous catalysts. 
 
Figure 1.1: Schematic showing the relationship between particle size and catalytic activity of 
ZIF-8, with larger crystals having a low external surface area, with fewer active/defect sites for 
leaching/catalysis to occur, which results in minimal Zn2+ leaching and low catalytic activity. 
Smaller crystals have a correspondingly higher external surface area, with more active/defect 
sites for leaching/catalysis to occur resulting in higher Zn2+ leaching and higher catalytic 
activity. 
  
Chapter 2   
- 39 - 
 
2.3. Experimental 
2.3.1. General Considerations 
 All materials were purchased commercially unless otherwise stated. The procedures for 
synthesis of different crystal sizes and crystal morphologies of ZIF-8 were adapted from 
literature methods with appropriate modifications, see Table 2.1 and Appendix 2.9.1.18,32-33 
Scanning electron microscopy (SEM) images were collected on a Philips XL30 scanning 
electron microscope at Adelaide Microscopy. Samples were dry-loaded onto adhesive carbon 
tabs on aluminium stubs and coated with a 5 nm carbon coating. N2 (UHP grade, 99.999%) 
adsorption isotherm measurements were performed on a 3Flex physisorption analyser. The 
temperature was maintained at 77 K via a Helium cryostat. Powder X-ray diffraction data was 
collected on a Bruker D8 Advance X-ray powder diffractometer (parallel X-ray, capillary 
loaded) using a Cu Kα (λ =1.5418 Å) radiation source. Samples were mounted in 0.5 mm glass 
capillaries and data collected for between 2θ of 2° to 52.94° with Phi rotation at 20 
rotations/min (1 second exposure per step, 5001 steps). The data were then converted into xye 
format and background subtracted using WinPlotr 2000 software.34 Simulated powder X-ray 
diffraction patterns were generated from the single crystal X-ray data using Mercury 3.9.35-36 
Atomic adsorption spectroscopy (AAS) measurements were conducted on SpectrAA 250 Phase 
using a Zinc lamp (λ = 213.9 nm, slit width 1.0 nm and lamp current 5 mA) with air/acetylene 
flame fuel source. Gas chromatography mass spectrometry (GC-MS) analyses were carried out 
on a Shimadzu GC-2010 coupled to a GCMS-QP2010S detector equipped with a DB-5 MS 
fused silica column (30 m x 0.25 mm, 0.25 µm) using helium as the carrier gas. The oven 
temperature was held at 50 °C for 2 minutes, then increased at 4 °C min-1 to 100 °C and held 
for 2 minutes, then raised at 30 °C min-1 to 220 °C and maintained for 1 minute. The injector 
and interface temperature were 250 °C and 280 °C respectively. 
2.3.2. Catalysis Testing: Transesterification (Stirred) 
The transesterification reaction between hexanol and vinyl acetate, using various 
crystal sizes and morphologies of ZIF-8 as a catalyst, was carried out in a magnetically stirred 
round-bottom flask under a N2 atmosphere. Dried ZIF-8 (20.0 mg, 0.088 mmol, 0.25 wt % 
relative to vinyl acetate) was dispersed in hexanol (20.0 mL) and heated at 65 °C for 1 h. Vinyl 
acetate (3.3 mL, 35.79 mmol) was added to the reaction mixture, which was then heated at 65 
°C for 6 h. The reaction was monitored by withdrawing 50 µl aliquots from the reaction mixture 
at different time intervals, these aliquots were centrifuged at 10,000 rpm for 1 minute to 
separate the ZIF-8 catalyst. An aliquot of the supernatant (15 µL) was transferred to a 2 mL 
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GC-MS vial, the internal standard propyl propionate (16.3 µL, 760 mM in ethyl acetate) was 
added and the solution was subsequently diluted to 1.5 mL with ethyl acetate. The solution was 
then analysed via GC-MS. Catalytic controls including; blank (hexanol + vinyl acetate), 2-
mIM, zinc nitrate and mixed controls (2-mIM and zinc nitrate) were conducted (see Appendix 
2.9.2). 
2.3.3. Catalysis Testing: Transesterification (Agitated)  
A modified procedure for the transesterification reaction was conducted in 50 mL 
sealed conical flasks in a plate shaker/incubator. Dried ZIF-8 (10.0 mg, 0.044 mmol, 0.25 wt 
% relative to vinyl acetate) was dispersed in hexanol (10.0 mL) and heated at 60 °C for 1 h, 
agitated at 165 rpm. Vinyl acetate (1.65 mL, 17.89 mmol) was added to the reaction mixture, 
which was then heated at 60 °C for 6 h. The reaction was monitored via GC-MS in the same 
manner as described for the stirred reaction above. After the 6 h reaction a 1.5 mL aliquot of 
the reaction mixture was collected, centrifuged at 10,000 rpm for 1 min. Catalytic controls as 
detailed above were conducted (see Appendix 2.9.2). 
2.3.4. Catalysis Testing: Knoevenagel Condensation (Agitated) 
 Knoevenagel condensation reactions between benzaldehyde and malononitrile using 
ZIF-8 as the catalyst were carried out in sealed 50 mL conical flasks in a plate 
shaker/incubator.11 Dried 100 µm ZIF-8 (20.0 mg, 0.088 mmol, 2.5 wt %), benzaldehyde (0.4 
mL, 3.8 mmol) were dispersed in a 50 mL conical flask containing toluene (5 mL). A solution 
of malononitrile (0.5 g, 7.6 mmol) in toluene (5 mL) was then added and the resultant mixture 
was agitated at room temperature for 6 h at 165 rpm. The ZIF-8 sample was recovered by 
washing the crystals with toluene and methanol, and the sample was dried under vacuum before 
SEM analysis. Additionally, controls with neat toluene, benzaldehyde and malononitrile were 
conducted with ZIF-8 100 µm for etching analysis. 
2.3.4. Sample Preparation for AAS 
 Aliquots of the transesterification reaction mixture (0.4 mL) from each stirred reaction 
were diluted to 20 mL with HNO3 (3%) and left overnight to extract the zinc into the aqueous 
layer. The diluted sample was analysed via AAS. Aliquots of the Knoevenagel condensation 
reaction mixture (0.2 mL) from each stirred reaction were diluted to 20 mL with HNO3 (3%) 
and left overnight to extract the zinc into the aqueous layer. The diluted sample was analysed 
via AAS. 
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2.4. Results and Discussion 
 The catalytic activity of ZIF-8 arises from Lewis acidic sites on the surface of the crystal 
and at defect sites.7 This was recently confirmed via super-resolution fluorescence microscopy, 
which showed that the acid-base hydrolysis of fluorescein diacetate occurred only on the outer 
surface of ZIF-8 crystals or at defect sites on the surface.37 Lewis acidic sites on the surface of 
ZIF-8 are localised on crystal facets that contain metal-ligand linkages at the immediate 
surface, and their concentration is significantly influenced by the crystal morphology. In this 
context, the facets representing the [100] and [211] planes are expected to enhance the catalytic 
reaction via a higher concentration of Lewis acidic sites (Figure 2.2).33 The crystal size can 
also be manipulated for ZIF-8, allowing the ratio of Lewis acid sites to total crystal surface 
area to be fine-tuned. For example, a greater proportion of Lewis acid sites can be exposed in 
smaller crystals of ZIF-8, which should result in a dramatic acceleration in the reaction rate.18-
19, 31 However, while ZIF-8 is broadly considered to be a chemically stable framework (its 
hydrophobicity conferring reasonable water stability),26, 30 changes in the crystal size are likely 
to impact its chemical stability, particularly under catalytic conditions (see below). 
 
Figure 2.2: Different morphologies of ZIF-8; a) rhombic dodecahedra, b) truncated rhombic 
dodecahedra, c) cubic and d) the Miller planes associated with the crystals of ZIF-8. The [100] 
and [211] planes contain highest density of Zn-2-mIM linkages, indicating that at surfaces 
corresponding to these Miller planes there will be a high density of Zn(II) centres. The 
tetrahedral zinc nodes are highlighted in red and the Miller planes are displayed as yellow lines 
intersecting the crystal lattice. 
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2.4.1. Controlling Crystal Size and Morphology in Preparation for ZIF-8 Surface Catalysis 
 A systematic investigation of the effect of crystal size and crystal morphology on 
catalytic activity required the development of robust synthetic protocols for ZIF-8 with control 
over both attributes. Accordingly, we synthesized ZIF-8 over six discrete crystal sizes ranging 
from 50 nm to 100 µm with rhombic dodecahedral morphology and at two additional 
morphologies at 500 nm and 100 µm sizes, as shown in Figure 2.3 and summarised in Table 
2.1. Crystal size control was achieved through controlled nucleation by varying the Zn2+:2-
mIM– molar ratio, the concentration of the modulator,18, 31 the counterion in the Zn2+ source,32 
the reaction solvent, and the temperature.31 The crystal size distributions of the ZIF-8 samples 
were determined via scanning electron microscopy (SEM) (Figure 2.3 and Figure 2.A.1). Note 
that the synthetic yields for each of the protocols differ significantly, which conceivably is a 
parameter requiring optimisation prior to scale-up to industrially relevant quantities (grams to 
kilograms). For instance, the highest yielding synthesis (ZIF-8 50 nm, 76%) was achieved 
under basic conditions (without modulator) and the lowest yielding protocol (ZIF-8 10 µm, 
6%) utilised sodium formate as a modulator. The crystallinity and phase purity of the samples 
was confirmed via PXRD (Figure 2.A.2). 
2.4.2. Transesterification Catalysis 
 Transesterification is a reversible reaction that can be catalysed under both acidic and 
basic conditions.38-39 In order to push the equilibrium in favour of the product an excess of the 
alcohol is typically used in the presence of a catalyst.38 For the purposes of this study, the 
transesterification of vinyl acetate was selected because it is effectively a terminating 
transesterification reaction (Schematic 2.1). The by-product of the reaction, vinyl alcohol (4), 
rapidly undergoes tautomerisation to acetaldehyde (5), which reacts with the excess alcohol to 
form a hemiacetal (6), (see Scheme 2.1 and Appendix 2.9.3). The effect of crystal size and 
morphology of ZIF-8 on the surface catalysis of transesterification reactions was analysed by 
following the reaction between vinyl acetate and hexanol (Scheme 2.1). Initial testing was 
conducted at 65 °C with the solution agitated via stirring for 6 h (Figure 2.4a), and the reaction 
progress was monitored via GC-MS (Figures 2.A.5 and 2.A.6).  
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Figure 2.3: SEM images showing the crystal size and morphology control achieved for ZIF-8 
with the corresponding crystal size distributions, all rhombic dodecahedra unless otherwise 
specified, a) ZIF-8 50 nm, b) ZIF-8 100 nm, c) ZIF-8 500 nm, d) ZIF-8 500 nm cubic, e) 
ZIF-8 1 µm, f) ZIF-8 10 µm, g) ZIF-8 100 µm, h) ZIF-8 100 µm truncated rhombic 
dodecahedra and i) crystal size distributions. 
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Table 2.1: Detailed synthetic parameters (Zn source, solvent, 2-methylimidazole:Zn ratio, modulator concentration, and temperature), including 
yields, and morphological characteristics and crystal diameters for all ZIF-8 size regimes. 














50 nm Zn(NO3)2 MeOH 
(8 mL) 
4 0.745 
(0.073 M, NaOH) 
25 76 0.049 ± 0.001 Rhombic Dodecahedrad a 




25 23 0.093 ± 0.002 Rhombic Dodecahedra b 




25 9 0.544 ± 0.009 Rhombic Dodecahedra c 
500 nm cubic Zn(NO3)2 H2O 
(10 mL) 
56 0.0001 
(0.098 mM, CTABb) 
50 73 0.476 ± 0.006 Cubice d 
1 m Zn(NO3)2 MeOH 
(8 mL) 
4 1.000 
(0.098 M, 1-mIMc) 
25 7 1.057 ± 0.013 Rhombic Dodecahedra e 
10 m Zn(NO3)2 MeOH 
(8 mL) 
2 1.000 
(0.148 M, HCOONa) 
50 10 12.633 ± 0.142 Rhombic Dodecahedra f 




140 50 129.945 ± 5.205 Rhombic Dodecahedra g 
100 m trd Zn(NO3)2 MeOH 
(8 mL) 
2 1.122 
(0.332 M, HCOONa) 
100 6 89.601 ± 1.194 Truncated 
Rhombic Dodecahedraf 
h 
 a. Average crystal size determined from SEM observations. b. Cetyltrimethylammonium bromide. c. 1-Methylimidazole. d. Rhombic 
dodecahedra: 12 faces. e. Cubic: 6 faces. f. Truncated rhombic dodecahedra (trd): 18 faces. 
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Schematic 2.1: Transesterification of vinyl acetate (1) with an alcohol (2), catalysed by ZIF-8, 
forming an ester (3) and vinyl alcohol (4), the latter of which rapidly tautomerises to 
acetaldehyde (5) and goes on to react with excess alcohol forming a hemiacetal (6). 
Firstly, it was observed that there is an inverse relationship between crystal size and 
hexyl acetate production, with ZIF-8 50 nm and ZIF-8 100 µm generating 154 and 82 mM 
respectively after 6 h. Under these deliberately chosen, mild catalytic conditions modest 
conversion (10%) is achieved for the best catalyst (ZIF-8 50 nm). In comparison, other studies 
have achieved almost 100% conversion by utilising higher temperatures, up to 200 °C, and 
shorter length primary alcohols, such as methanol and ethanol.7  Secondly, it was found that 
crystal morphology had no noticeable impact on catalytic activity, with hexyl acetate 
production for both morphologies of ZIF-8 500 nm and ZIF-8 100 µm displaying almost 
identical production, see Appendix Figure 2.A.7. Given that this reaction occurs at Lewis acidic 
sites on the surface of ZIF-8 (Figure 2.2),33 a much more dramatic difference in catalytic 
activity would be expected based on both crystal size and morphology. In fact, there is an 
inverse power law relationship between crystal size and catalytically active external surface 
area for ZIF-8; assuming a uniform rhombic dodecahedral morphology (see Appendix 2.9.4 
Figure 2.A.8 and Table 2.A.2). For example, considering two size regimes of ZIF-8, namely 
100 µm and 50 nm, we estimate a 4-million-fold increase in catalytically active external surface 
area; however, only observe a 2-fold increase in hexyl acetate (mM) produced after a 6 h 
reaction. 
To understand the difference between the predicted and actual catalytic performance, 
SEM was used to analyse ZIF-8 samples post-catalysis. SEM of ZIF 100 µm post catalysis 
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revealed that there was mechanical degradation of the crystals resulting from the method of 
agitation (stirring) (Figure 2.4a, Appendix 2.9.5 Figure 2.A.9), despite crystallinity being 
retained (Figure 2.A.10). The observed fragmentation of ZIF-8 crystals likely increased the 
amount of catalytically active surface external area available, which corresponded with larger 
than expected hexyl acetate production for the larger crystal sizes. Additionally, no meaningful 
contrast between the different morphologies of ZIF-8 could be made because of the crystal 
degradation under the stirred experimental setup. 
To avoid mechanical fragmentation of ZIF-8 crystals, an alternate experimental setup 
was utilised, with reaction mixture agitated by a plate shaker/incubator (heating at 60 °C, 
agitated at 165 rpm). Under the modified protocol there was a moderate decrease in catalytic 
activity across all crystal sizes, attributed to the lower reaction temperature, but the inverse 
relationship between crystal size and hexyl acetate production was still observed (Figure 2.4b). 
As expected, there was a noticeable increase in hexyl acetate production for smaller crystal 
sizes relative to the ZIF-8 10 µm and ZIF-8 100 µm samples. This outcome indicated that the 
impact of mechanical degradation of the crystals on the rate of reaction during the catalysis 
experiments had been minimised. Again, there was no significant difference in hexyl acetate 
production for the two distinct morphologies of ZIF-8 500 nm and ZIF 100 µm (see Appendix 
2.9.5 Figure 2.A.11). SEM analysis of ZIF 100 µm post-catalysis (agitated) confirmed that no 
crystal fragmentation had occurred, but instead revealed prominent indiscriminate etching of 
all facets of the crystal (Figures 2.4g and 2.A.12). Interestingly, partial etching also occurred 
in the presence of hexanol at 60 °C, although under catalytic conditions the etching was more 
severe (Figure 2.4g and 2.A.12). Exposing defects on the surface of ZIF-8 crystals increases 
the number of Lewis acidic sites available for surface catalysis,37 again accounting for the 
higher than expected activity of ZIF-8 10 µm and ZIF-8 100 µm. 77 K N2 adsorption isotherms 
were performed on activated samples of as-synthesised, hexanol treated, and post-catalysis 
ZIF-8 100 µm, to assess their permanent porosity, (Figure 2.A.13 and Table 2.A.3) and 
possible etching-induced macroporosity. Pore size analysis at 77 K with N2 revealed that there 
was no notable change in microporosity between the ZIF-8 100 µm samples, nor were 
macropores identified, indicating that the etching only occurred at the surface of the crystal and 
no large channels had formed throughout the crystal (Figure 2.A.14). The pattern of the crystal 
surface etching may result from nanometre scale defects on the surface of the crystals, which 
has been previously observed via in situ atomic force microscopy whilst analysing the growth 
processes of ZIF-8.40 
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Figure 2.4 (a-c): Hexyl acetate production (mM) over a 6 h transesterification reaction between 
hexanol and vinyl acetate, analysed via GC-MS, catalysed by different crystal sizes of ZIF-8; 
a) reactions heated at 65 °C with stirring agitation, b) reactions heated at 60 °C with shaking 
agitation and c) catalytic controls including 2-mIM, Zn(NO3)2 and 2-mIM: Zn(NO3)2 (2:1) 
compared to ZIF-8 50 nm (both a 6 h reaction and after 3 h where ZIF-8 has been removed 
from solution). (Modified from Figure 4). 
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Figure 2.4 (d-i): SEM images of ZIF-8 100 µm d) as-synthesised, e) post-catalysis (stirred), f) 
agitated in hexanol at 60 °C and g) post-catalysis (agitated). All scale bars represent 50 µm for 
the SEM images. h) AAS Zn leaching analysis (as a percentage of Zn present in 10 mg of ZIF-
8) post 6 h of catalysing the transesterification of hexanol with vinyl acetate for all particle 
sizes. i) A comparison of hexyl acetate production (mM) and % Zn leached post 6 h of 
catalysing the transesterification of hexanol with vinyl acetate for all particle sizes. (Modified 
from Figure 4). 
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Given that etching of the crystal surface may lead to Zn2+ release, we probed the release 
of Zn2+ post-catalysis by Atomic Absorption Spectroscopy (AAS). By AAS it was found that 
there was considerable Zn2+ leaching for smaller crystal sizes, 16% for ZIF-8 50 nm, relative 
to larger crystal sizes, 2% for ZIF-8 100 µm (Figure 2.4h). The extent of Zn2+ leaching is 
proportional to the external surface area of the ZIF-8 crystals. Since etching of the surface leads 
to the release of Zn2+ and 2-mIM into solution, catalytic controls were conducted with 
Zn(NO3)2, 2-mIM and a mixture (1:2, Zn(NO3)2:2-mIM). These controls demonstrated that 
Zn2+ and a mixture of Zn2+ and 2-mIM catalyse the transesterification reaction (Figure 2.4c). It 
is notable that a stoichiometric mixture of Zn2+ and 2-mIM (relative to 10 mg of ZIF-8) 
demonstrates significantly higher catalytic activity than Zn2+ or 2-mIM alone, indicating a 
synergistic effect between Zn2+ and 2-mIM or some low coordinate Zn(2-mIM) complex 
forming in solution to catalyse this reaction. In fact, the Zn2+/2-mIM mixture is more active 
than ZIF-8 50 nm, although this may in part be attributed to poor dispersion under shaking 
agitation. To determine whether the liberated Zn2+ could contribute the observed catalytic 
activity of ZIF-8, an experiment was conducted whereby ZIF-8 50 nm was removed (by 
centrifugation) after 3 h and the progress of the reaction without the solid phase catalyst was 
followed via GC-MS (Figure 2.4c). It was observed that the residual Zn2+ in solution had 
equivalent catalytic activity to ZIF-8 50 nm after 6 h (Figure 4c). The amount of Zn2+ leached 
at 3 h, was similar to the amount leached after 6 h with ZIF-8 in solution (15 and 16% 
respectively as determined by AAS), indicating that the majority of Zn2+ leached within the 
first 3 h of the reaction. Additionally, an interesting relationship was observed between hexyl 
acetate production and the percentage Zn2+ leached after a 6 h reaction, with hexyl acetate 
production increasing linearly as percentage Zn2+ leached increased (Figure 2.4i). Decreasing 
particle size increases the available external surface area which can be etched, releasing 
increased amounts of Zn2+ into solution propagating the catalysis of transesterification 
reactions. A further 1H NMR study was conducted to determine whether Zn2+ could be released 
by a smaller chain alcohol such as methanol and be catalytically active (See Appendix 2.9.3 
and Table 2.A.1). In this experiment the progress of the transesterification of vinyl acetate with 
d4MeOH at 60 °C was monitored via 1HNMR. 67 – 70% conversion of vinyl acetate to methyl 
acetate was observed at 3 h and there was 90% conversion at 6 h with ZIF-8 present. When the 
solid catalyst was removed after 3 h there was 81% conversion at 6 h, indicating homogeneous 
catalysis had occurred post-solid catalyst removal (likely resulting from leached Zn2+ in 
solution). Combined these results indicate that (under the conditions used) the catalytic activity 
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of ZIF-8 is mainly attributed to homogeneous catalysis by release of Zn2+ and not to 
heterogeneous catalysis by active sites on the surface of ZIF-8. 
Given that the liberated Zn2+/2-mIM- contribute significantly to the catalysis of the 
transesterification of vinyl acetate with hexanol, it is thus challenging to draw concrete 
conclusions as to the direct impact of crystal size and morphology on surface catalysis with 
ZIF-8, although crystal size directly appears to impact the stability of ZIF-8. Importantly, this 
investigation has highlighted that MOF catalysts, such as ZIF-8 which are typically thought to 
be ‘robust’, are susceptible to surface etching and degradation under liquid phase catalytic 
conditions. 
Surface etching of ZIF-8, both anisotropic and indiscriminate, have been reported 
previously.33, 37 In one example, ZIF-8 crystals were exposed to oleic acid as a means to 
introduce more defect sites at the surface of the crystals and improve the hydrolysis of 
fluorescein diacetate.37 Oleic acid is a long chain carboxylic acid with a hydrophobic tail, which 
likely has high affinity for the hydrophobic surface of ZIF-8. The carboxylic acid group of 
oleic acid could then bind Zn(II) nodes, potentially liberating Zn2+, 2-mIM- and etch the surface 
of ZIF-8. Hexanol also has a hydrophobic chain, although much shorter than oleic acid, and so 
the mechanism of etching observed here is presumably similar. Since etching has been 
observed under catalytic conditions using reagents that have functional groups with an affinity 
for Zn(II) but are primarily hydrophobic, it would be expected that other reactions with similar 
reagents might also etch the surface of ZIF-8 and release Zn2+/2-mIM-. For example, a well-
known reaction, catalysed at the surface of ZIF-8, that would be expected to engender surface 
etching is the Knoevenagel condensation of benzaldehyde and malononitrile.11  
2.4.3. Knoevenagel catalytic condition induced surface etching of ZIF-8 
 The Knoevenagel condensation of benzaldehyde and malononitrile was investigated to 
determine whether the surface of ZIF-8 was susceptible to etching under other reaction 
conditions. Given that this is a well-studied reaction for ZIF-8 catalysis,11, 26-29 and that the 
focus of the investigation was to indicate the susceptibility of ZIF-8 to surface etching, a full 
catalytic study was not undertaken. As such, ZIF-8 100 µm samples were studied by SEM to 
determine whether surface degradation occurred during the Knoevenagel condensation of 
benzaldehyde with malononitrile.11 The only modification made to the previously used 
protocol was to avoid mechanical crushing that would occur from stirring; hence the reaction 
solution was agitated via a plate shaker/incubator at 165 rpm at 25 °C. SEM analysis revealed 
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that ZIF-8 100 µm etching occurred when samples were suspended in toluene, or mixtures of 
toluene/benzaldehyde and toluene/malononitrile, and under catalytic conditions for 
Knoevenagel condensation (Figure 2.5). Indiscriminate surface etching was observed in 
toluene, in the presence of malononitrile and under catalytic conditions, but etching was most 
severe in the presence of benzaldehyde, with all surfaces appearing noticeably rougher at high 
magnification than before. Benzaldehyde is hydrophobic and contains a polar functional group 
(aldehyde), similar to hexanol and oleic acid, which could be expected to etch the surface of 
ZIF-8 and release Zn2+ in a similar manner. 
 
Figure 2.5: SEM images of ZIF-8 100 µm in a) toluene for 6 h, b) benzaldehyde and toluene 
for 6 h, c) malononitrile and toluene for 6 h and d) under Knoevenagel condensation conditions 
with malononitrile, benzaldehyde and toluene. All reactions were agitated with a plate 
shaker/incubator to avoid mechanical degradation of the crystals. (Modified from Figure 5). 
  
Chapter 2   
- 52 - 
 
 AAS analysis of the samples after 6 h revealed that for toluene and 
toluene/malononitrile free Zn2+ could not be detected. However, for the samples treated with 
benzaldehyde in toluene and under catalytic conditions, a significant amount of Zn2+ was 
detected in solution: 11.16 ± 0.07 ppm (2% relative to total Zn in 20 mg ZIF-8) and 92.14 ± 
0.29 ppm (16%) respectively. PXRD analysis confirmed that the sodalite topology of ZIF-8 
was retained post-Knoevenagel condensation catalysis conditions, see Appendix 2.9.5 Figure 
2.A.15. While the crystalline structure of ZIF-8 was retained, it has been shown again that the 
surface of ZIF-8 is not stable under catalytic conditions that feature a hydrophobic reagent with 
a polar functional group. 
2.4.4. Challenges for MOF Catalysis 
 Throughout this investigation we have observed that crystal size has an adverse effect 
on the stability of ZIF-8 under catalytic conditions (transesterification with hexanol/methanol 
and Knoevenagel condensation with benzaldehyde), resulting in etching of the crystal surface 
and leaching of Zn2+ and 2-mIM. The etching/Zn2+ leaching of ZIF-8 correlates with the 
amount of the external surface area per crystallite and therefore number of active sites/defects. 
This trend has also been noted, in part, for the cyclodimerization of epichlorohydrin catalysed 
at defect sites on ZIF-8, with significant degradation of the crystal surface and a decrease in 
crystallinity being observed upon recycling the catalyst.41 We have also recently reported the 
effects of crystal size on the rate of structural reorganisation of a “kinetically trapped” phase 
of a flexible MOF, and noted that the stability of the “kinetically trapped” phase decreased with 
reduced crystal size.21 As well as phase/framework instability under certain conditions, MOFs 
have been reported to leach transition metals during catalysis (both metals integral to the 
structure and those appended post-synthetically to a ligand or a defect binding site).42-43 Thus, 
crystal size likely affects MOF stability during catalysis for other systems as well. As such, 
appropriate consideration of the catalytic conditions and crystal size regime of candidate MOFs 
must be given, particularly for materials that are expected to be susceptible to etching/leaching. 
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2.5. Conclusions and Future Outlook 
 This work examined the catalytic activity of ZIF-8 crystal surfaces for a model 
transesterification reaction and the crystal surface stability under Knoevenagel condensation 
reaction conditions. While, as anticipated, improved catalytic performance was observed with 
decreasing crystal size, the interpretation of this data was complicated by the fact that the ZIF-
8 crystal surfaces were indiscriminately etched during catalysis. AAS analysis further 
confirmed that crystal surface etching is associated with leaching of Zn2+, with the best 
performing and smallest crystal size regime (50 nm) being most susceptible to this 
phenomenon. Further analysis revealed that the catalytic activity of ZIF-8 was primarily due 
to Zn2+ leached in solution during catalysis. Similar surface instability was also confirmed for 
ZIF-8 under catalytic conditions for the Knoevenagel condensation reaction, with significant 
etching and Zn2+ leaching observed. Crystal size appears to have a direct impact on the surface 
stability of ZIF-8 under catalytic conditions due to the increased external surface of the smaller 
crystals leading to a proportionally larger number defects/coordination sites being available. 
For both the surface-based transesterification and Knoevenagel condensation reactions it was 
observed that ZIF-8 was susceptible to etching by hydrophobic reagents with polar functional 
groups such as hexanol and benzaldehyde. Although smaller crystals sizes are theoretically 
more active for surface-based catalysis our observations indicate that crystal size has a greater 
impact on catalyst stability (and hence reusability). Another outcome of this study is that when 
investigating MOF catalysis in solution the susceptibility of crystals to undergo changes in 
their nanoscale structuralisation over time must be carefully considered when assessing 
catalytic performance. 
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2.9. Appendix 
2.9.1.  Synthetic Protocols for ZIF-8 
 ZIF-8 50 nm: Zinc nitrate hexahydrate (Zn(NO3)2ꞏ6H2O, 58.8 mg, 0.197 mmol) was 
dissolved in methanol (4 mL) and in a separate vial 2-methylimidazole (2-mIM, 64.8 mg, 0.787 
mmol) was dissolved in methanol (4 mL) with NaOH (2 M, 0.295 mL, 0.591 mmol). Both 
solutions were sonicated until the solids dissolved, the zinc nitrate solution added to the 
solution of 2-mIM, and the mixture was left at room temperature (25 °C) for 24 h in a 20 mL 
screw cap vial. The resultant white suspension was washed with methanol (5×10 mL) then 
dried resulting in a colourless micro-crystalline powder (34.4 mg, 76%). 
ZIF-8 100 nm: Zn(NO3)2ꞏ6H2O (58.8 mg, 0.197 mmol) was dissolved in methanol (4 
mL) and in a separate vial 2-mIM (64.8 mg, 0.787 mmol) was dissolved in methanol (4 mL). 
Both solutions were sonicated until the solids dissolved, the zinc nitrate solution added to the 
solution of 2-mIM and the mixture was left at room temperature (25 °C) for 24 h in a 20 mL 
screw cap vial. The resultant white suspension was washed with methanol (5×10 mL) then 
dried resulting in a colourless micro-crystalline powder (10.5 mg, 23%). 
ZIF-8 500 nm: Zinc bromide (ZrBr2, 44.4 mg, 0.197 mmol), was dissolved in methanol 
(4 mL). In a separate vial 2-mIM (64.8 mg, 0.787 mmol) was dissolved in methanol (4 mL). 
Both solutions were sonicated until the solids dissolved. The solutions were combined, and the 
mixture was left at room temperature (25 °C) for 24 h in a 20 mL screw cap vial. The resultant 
white suspension was washed with methanol (5×10 mL) then dried resulting in a colourless 
micro-crystalline powder (4.2 mg, 9%). 
ZIF-8 500 nm cubic: Zn(NO3)2ꞏ6H2O (29.0 mg, 0.097 mmol) was dissolved in MilliQ 
water (4 mL). In a separate vial 2-mIM (454.0 mg, 5.530 mmol) was dissolved in MilliQ water 
(4 mL) and cetyltrimethylammonium bromide (CTAB, 79 µl, 0.01 M). Both solutions were 
sonicated until the solids were dissolved. The zinc nitrate solution was added to the solution of 
2-mIM and CTAB and the mixture was heated at 100 °C for 24 h in a 20 mL screw cap vial. 
The resultant white suspension was washed with methanol (5×10 mL) then dried resulting in a 
colourless micro-crystalline powder (16.2 mg, 73%). 
ZIF-8 1 µm: Zn(NO3)2ꞏ6H2O (58.8 mg, 0.197 mmol) was dissolved in methanol (4 
mL) while in a separate vial 2-mIM (64.8 mg, 0.787 mmol) and 1-methylimidazole (1-mIM, 
64.8 µl, 0.787 mmol) were dissolved in methanol (4 mL). Both solutions were sonicated until 
the solids dissolved. The zinc nitrate solution was added to the solution of 2-mIM and the 
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mixture was left at room temperature (25 °C) for 24 h in a 20 mL screw cap vial. The resultant 
white suspension was washed with methanol (5×10 mL) then dried resulting in a colourless 
crystalline powder (3.1 mg, 7%). 
ZIF-8 10 µm: Zn(NO3)2ꞏ6H2O (176.4 mg, 0.593 mmol) was dissolved in methanol (4 
mL) and in a separate vial 2-mIM (97.2 mg, 1.184 mmol) and sodium formate (HCOONa, 80.7 
mg, 0.789 mmol) were dissolved in methanol (4 mL). Both solutions were sonicated until the 
solids dissolved, the zinc nitrate solution added to the solution of 2-mIM in a 20 mL screw cap 
vial, and the mixture was heated at 50 °C for 24 h. The resultant clear crystals were washed 
with methanol (5×10 mL) then dried resulting in a colourless crystalline powder (14.8 mg, 
11%). 
ZIF-8 100 µm: Zn(NO3)2ꞏ6H2O (134.0 mg, 0.450 mmol) was dissolved in DMF (5 
mL). In a separate vial 2-mIM (33.4 mg, 0.407 mmol) was also dissolved in DMF (5 mL). Both 
solutions were sonicated until the solids dissolved, the zinc nitrate solution added to the 
solution of 2-mIM in a 20 mL screw cap vial and the mixture was heated at 140 °C for 24 h. 
The resultant clear crystals were washed with DMF (2×10 mL) methanol (5×10 mL) then dried 
resulting in a colourless crystalline powder (46.9 mg, 50%). PXRD indicated a small amount 
of ZnO contaminant. 
ZIF-8 100 µm truncated rhombic dodecahedron (trd): Zn(NO2)3ꞏ6H2O (352.8 mg, 
1.186 mmol) was dissolved in methanol (4 mL) and in a separate vial 2-mIM (194.4 mg, 2.368 
mmol) and sodium formate (180.7 mg, 2.657 mmol) were dissolved in methanol (4 mL). Both 
solutions were sonicated until the solids dissolved. The solutions were combined in a 20 mL 
screw cap vial and the mixture was heated at 50 °C for 24 h. The colourless crystals were 
washed with methanol (5×10 mL) then dried resulting in a colourless crystalline powder (17.3 
mg, 6%). 
Activation procedure: The as-synthesised samples were washed with methanol (×5), 
dried under a nitrogen flow, and stored under vacuum in a desiccator for 1 h prior to use. For 
gas adsorption activation the “dried” sample was then heated under a high vacuum at 100 °C 
for 3 h. Activation yielded colourless microcrystalline powders. 
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2.9.2.  Transesterification Catalytic Control Experiments 
Stirred Agitation 
 2-mIM (14.42 mg, 0.176 mmol) was dissolved in hexanol (20 ml), the solution was 
stirred under an atmosphere of nitrogen for 1 h at 65 °C. Vinyl acetate (3.3 ml, 35.79 mmol) 
was added to the reaction mixture, which was then heated at 65 °C for 6 h. The progress of the 
reaction was followed via GC-MS, as outlined in the experimental. 
 A blank was run with just hexanol and vinyl acetate, a zinc control was run with a molar 
equivalent of Zn(NO3)2 to ZIF-8 (26.14 mg, 0.088 mmol) in place of 2-mIM and a mixed 
control of Zn(NO3)2 (26.14 mg, 0.088 mmol) and 2-mIM (14.42 mg, 0.175 mmol) was also 
done. All reagents were fully dissolved in hexanol prior to heating or addition of vinylacetate. 
Shaking Agitation 
 2-mIM (7.21 mg, 0.088 mmol) was dissolved in hexanol (10 ml), the solution was 
dispersed via shaking at 165 rpm for 1 h at 60 °C. Vinyl acetate (1.65 ml, 17.89 mmol) was 
added to the reaction mixture, which was then heated at 60 °C for 6 h. The progress of the 
reaction was followed via GC-MS, as outlined in the experimental. 
A blank was run with just hexanol and vinyl acetate, a zinc control was run with a molar 
equivalent of Zn(NO3)2 to ZIF-8 (13.07 mg, 0.044 mmol) in place of 2-mIM and a mixed 
control of Zn(NO3)2 (13.07 mg, 0.044 mmol) and 2-mIM (7.21 mg, 0.088 mmol) was also 
done. All reagents were fully dissolved in hexanol prior to heating or addition of vinylacetate.  
An additional control was run to assess the activity of leached Zn2+ in solution, whereby 
a standard reaction was set up with ZIF-8 50 nm (10 mg, 0.044 mmol) dispersed in hexanol 
(10 ml) via shaking at 165 rpm for 1 h at 60 °C. Vinyl acetate (1.65 ml, 17.89 mmol) was added 
to the reaction mixture, which was then heated at 60 °C for 6 h. At the 3 h time point the ZIF-
8 catalyst was removed by centrifugation at 10000 rpm and the supernatant was then heated 
for a further 3 h. The progress of the reaction was followed via GC-MS, as outlined in the 
experimental. See Figure 3c for GC-MS results for catalytic controls. 
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Figure 2.A.1: Scanning electron microscope images of ZIF-8 samples for particle size 
distribution analysis for a) ZIF-8 500 nm, b) ZIF-8 500 nm Cubic, c) ZIF-8 1 µm, d) ZIF-8 
100 µm, e) ZIF-8 100 µm Truncated Rhombic Dodecahedra. 
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Figure 2.A.2: Powder X-ray diffraction patterns of ZIF-8 samples; simulated, ZIF-8 50 nm, 
ZIF-8 100 nm, ZIF-8 500 nm, ZIF-8 500 nm c (cubic), ZIF-8 1 µm, ZIF-8 10 µm, ZIF-8 
100 µm, ZIF-8 100 µm trd (truncated rhombic dodecahedra). Note all morphologies of ZIF-
8 were rhombic dodecahedra unless otherwise specified.  The conditions used to form ZIF-8 
100 µm led to the formation of ZnO, seen in the PXRD trace. 
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2.9.3.  Development of Catalysis Testing Conditions 
Preliminary testing showed that the progress of the reaction between vinylacetate and 
MeOH-d4, catalysed by ZIF-8, could be followed by 1H NMR spectroscopy, with an increased 
production of methyl acetate observed with increasing temperature from 25 to 55 °C, (See 
Appendix 2.9.3, Figure 2.A.3). PXRD analysis demonstrated that the crystallinity of the ZIF-
8 catalyst was retained post catalysis after 24 h (Figure 2.A.4). To facilitate analysis by GC-
MS methods, hexanol was used in place of methanol to ensure accurate product quantification 
(hexyl-acetate is easily distinguished from hexanol and the chosen internal standard propyl-
propionate), see Figures 2.A.5 & 2.A.6. 
1H NMR Analysis of the Transesterification of Vinyl acetate with d4MeOH 
 Dried ZIF-8 1 µm (5 mg, 0.022 mmol) was dispersed in d4MeOH (1 ml) at room 
temperature into 4 identical 2.5 ml vials. To these solutions vinyl acetate (82.5 µl, 0.895 mmol) 
was added and the solution was heated at 25, 35, 45 and 55 °C for 24 h. The solutions were 
then centrifuged at 10,000 rpm, the ZIF-8 catalyst was separated from the supernatant which 
was then analysed via 1H NMR (see Figure 2.A.3). The 1H NMR signals corresponding to 
methyl acetate, vinyl acetate, acetaldehyde and the hemiacetal, that were detected after the 
reaction in d4MeOH, were as follows: methyl acetate 1H NMR (500 MHz/d4MeOH): δ 2.03 
(3H, s, CH3); vinyl acetate 1H NMR (500 MHz/d4MeOH): δ 2.12 (s, 3H, CH3), 4.58 (dd, J = 
6.3, 1.5 Hz, 1H), 4.87 (dd, J = 14.0, 1.5 Hz, 1H), 7.27 (dd, J = 14, 6.3 Hz, 1H); acetaldehyde 
1H NMR (500 MHz/d4MeOH): δ 9.71 (m, 3H); hemiacetal 1H NMR (500 MHz/d4MeOH): δ 
1.26 (m), 4.69 (t, 3H), 4.79 (s, 1H). 
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Figure 2.A.3: 1H NMR spectra of the transesterification reaction between d4MeOH and vinyl 
acetate catalysed by ZIF-8 1 µm, where *, ¥, + and ¤ correspond to peaks associated with 
methyl acetate, vinyl acetate, the hemiacetal and acetaldehyde, respectively. For clarity, the 
sections between 2.5-8.75 ppm and 8.75-10.25 ppm are displayed at ×10 and × 225 
magnification, respectively. 
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60 ºC 1H NMR control reaction with catalyst removal at 3 h 
Dried ZIF-8 50 nm (5 mg, 0.022 mmol) was dispersed in d4MeOH (1 ml) at room 
temperature into 2 identical 2.5 ml vials. To these solutions vinyl acetate (82.5 µl, 0.895 mmol) 
was added and the solution was heated at 60 °C for 6 h. For one vial at the 3 and 6 h time points 
50 µl aliquot of each solution was taken and centrifuged at 10,000 rpm, the ZIF-8 catalyst was 
separated from the supernatant which was then analysed via 1H NMR in 0.65 ml d4MeOH. For 
the other vial at the 3 h time point, after the 50 µl aliquot was taken, the ZIF-8 catalyst was 
separated from the supernatant by centrifugation and the supernatant was heated for a further 
3 h at which point the supernatant was analysed via 1HNMR. The 1H NMR signals 
corresponding to methyl acetate, vinyl acetate, acetaldehyde and the hemiacetal, that were 
detected after the reaction in d4MeOH were as follows: methyl acetate 1H NMR (500 
MHz/d4MeOH): δ 2.03 (3H, s, CH3); vinyl acetate 1H NMR (500 MHz/d4MeOH): δ 2.12 (s, 
3H, CH3), 4.58 (dd, J = 6.3, 1.5 Hz, 1H), 4.87 (dd, J = 14.0, 1.5 Hz, 1H), 7.27 (dd, J = 14, 6.3 
Hz, 1H); acetaldehyde 1H NMR (500 MHz/d4MeOH): δ 9.71 (m, 3H); hemiacetal 1H NMR 
(500 MHz/d4MeOH): δ 1.26 (m), 4.69 (t, 3H), 4.79 (s, 1H). 
 
Table 2.A.1: 1H NMR analysis of controls for the transesterification of vinyl acetate with 
d4MeOH catalysed by ZIF-8 50 nm.  
Sample Integration of vinyl acetate 
CH3 (δ 2.12) 
Integration of methyl 
acetate CH3 (δ 2.03) 
Conversion 
(%) 
3 h with ZIF-8 50 nm (1) 1 2.43 70 
3 h with ZIF-8 50 nm (2) 1 2.08 67 
6 h with ZIF-8 50 nm (1) 1 9.60 90 
6 h with ZIF-8 50 nm 
removed at 3 h (2) 
1 4.34 81 
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Figure 2.A.4: Powder X-ray Diffraction patterns of ZIF-8; simulated, ZIF-8 1 µm as-
synthesised and ZIF-8 1 µm post-catalysis at 55 °C in methanol, catalysing the 
transesterification of vinyl acetate with d4MeOH. 
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Figure 2.A.5: GC-MS traces for the transesterification of hexanol with vinyl acetate, catalysed 
at 65 °C by ZIF-8 1 µm agitated by stirring, with peaks at retention times 3.10, 4.81 and 8.95 
min corresponding to propyl propionate, hexanol and hexyl acetate respectively. The inset is 
an expansion of the hexyl acetate peak at 8.95 min. 
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Figure 2.A.6: Mass Spectra corresponding to peaks in the GC-MS trace in Figure S5 for a) 
propyl propionate, b) hexanol and c) hexyl acetate, which correspond to mass spectra in the 
NIST data base.1 
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2.9.4.  Transesterification catalytic activity and crystal degradation analyses 
 
Figure 2.A.7: Comparison of hexyl acetate production from the transesterification of hexanol 
with vinyl acetate catalysed by ZIF-8 samples of different morphology under stirring agitation. 
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Figure 2.A.8: Ln/Ln plots of Ln (Y) vs Ln (Particle size (nm)), where Y = the surface area 
along the [211] edge (assuming a width of 0.1 nm) of rhombic dodecahedra ZIF-8 (black) 
(these values were calculated as shown in Appendix 2.9.5), Y = [Hexyl acetate] (mM) after 6 
h with stirring agitation (red) and Y = [Hexyl acetate] (mM) after 6 h with shaking agitation 
(blue). 
 
Table 2.A.2: Values for the line of best fit plots for Figure 2.A.8 to the equation  
y = a + b × x for the ln/ln plot. 
Y Intercept (a) Std. Error in 
Intercept 
Slope (b) Std. Error in 
slope 
R2 
Surface area 14.2752 1.73027E-14 -2.0000 2.29776E-15 1.00000 
[Hexyl acetate] 
mM: Stirring 
5.2728 0.0593 -0.0768 0.0079 0.94941 
[Hexyl acetate] 
mM: Shaking 
5.5144 0.2482 -0.1577 0.0319 0.85381 
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2.9.5.  Calculations for Figure 2.A.8 
 The catalytically active surface area for 20 mg of ZIF-8 (along the [211] edge, assuming 
an edge thickness of 0.1 nm) was calculated as follows. The crystal size was assigned as the 
midsphere of the rhombic dodecahedra crystals (d) and the radius of the midsphere (r = d/2) 
was then used to determine the side length of the crystal (l, where 𝑙  
√
). The surface area 
along the edges corresponding to the [211] plane in one crystal of ZIF-8 assuming a thickness 
of 0.1 nm (SAedge) was determined by multiplying the edge length (l) by 0.1 nm. Rhombic 
dodecahedra have 24 edges that correspond to the [211] plane, therefore SAedge was multiplied 
by 24 to give the catalytically active surface area for 1 crystal (SAall edges). The mass of one 
crystallite was calculated by multiplying the volume of one crystal (given by √ 𝑙 ) by the 
bulk density of ZIF-8 (0.35 g/cm3). The number of crystallites in a 20 mg sample of ZIF-8 (N) 
was determined by dividing 20 mg by the mass of one crystallite. The catalytically active 
surface area for a 20 mg sample of ZIF-8 (SAactive) could then be determined by multiplying N 
by SAall edges. Figure S8 was then generated by plotting ln (SAactive (cm2)) vs ln (Particle size 
(nm)). 
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Figure 2.A.9: SEM image of ZIF-8 100 µm post-catalysis for the transesterification of hexanol 
with vinylacetate at 65 °C, demonstrating mechanical degradation of crystals arising from 
stirring. 
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Figure 2.A.10: Powder X-ray diffraction patterns of ZIF-8 100 µm; as-synthesised, post-
catalysis at 65 °C with stirring agitation, hexanol soaked at 60 °C with shaking agitation and 
post-catalysis at 60 °C with shaking agitation. 
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Figure 2.A.11: Comparison of hexyl acetate production from the transesterification of hexanol 
with vinyl acetate catalysed by ZIF-8 samples of different morphology under shaking agitation. 
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2.9.5.  Surface etching investigation with SEM, N2 77 K adsorption, pore size analysis and 
PXRD analysis of ZIF-8 crystallinity under Knoevenagel condensation conditions. 
 
Figure 2.A.12: SEM images of ZIF-8 100 µm, a) & b) post-catalysis at 60 °C with shaking 
agitation, c) & d) hexanol at 60 °C with shaking agitation, demonstrating increased etching 
under catalytic conditions. 
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Figure 2.A.13: N2 77 K isotherms of ZIF-8 100 µm as-synthesised (red), heated in hexanol for 
6 h (blue) and post-catalysis (green). 
 
Table 2.A.3: Brunauer-Emmett-Teller (BET) surface areas of ZIF-8 100 µm. 
Sample BET (m2/g) 
ZIF-8 100 µm as-synthesised 1164.1143 ± 17.5396 
ZIF-8 100 µm hexanol 881.9513 ± 5.7647 
ZIF-8 100 µm post-catalysis 1036.0673 ± 8.2199 
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Figure 2.A.14: Pore size distributions of ZIF-8 100 µm as-synthesised (red), heated in hexanol 
for 6 h (blue) and post-catalysis (green). 
  
Chapter 2   
- 79 - 
 
 
Figure 2.A.15: Powder X-ray diffraction patterns of ZIF-8 100 µm; simulated, toluene solvated 
6 h, toluene & malononitrile solvated 6 h, toluene & benzaldehyde solvated 6 h and post-
Knoevenagel condensation conditions 6 h. 
Appendix 2.9. References 
1. Linstrom, P. J.; Mallard, W. G., NIST Chemistry WebBook. National Institute of 
Standards and Technology: Gaithersburg MD, Vol. 20899. 
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Chapter 3. Particle Size Effects on Ethylene Hydroformylation with UiO-67-bpydc 
3.1. Introduction 
In heterogeneous catalysis, particle shape and size are key features which dictate the 
activity of a catalyst.1 From bulk to metal nanocluster catalysts, size impacts catalytic 
performance, as the surface area increases as particles get smaller,2 and below certain size 
regimes quantum effects begin to play an important role.1, 3-4 Nanoscale structuralisation has 
also been shown to impact the catalytic performance and stability of surface catalysis with 
MOFs, specifically ZIF-8, as discussed in Chapter 2.5 Increasing the surface area of a 
heterogeneous catalyst, or rather the number of active sites, results in an increased activity, 
consistent with collision theory.6 Since MOFs are highly porous materials, reactions can be 
catalysed at active sites within the MOF crystals as well as at their exterior surfaces.7 As such, 
the catalytic performance of MOFs, upon reducing the particle size, is a consequence of several 
factors working in tandem including; the ratio of internal to external surface area, the path 
length to the active site and the diffusion rate of guests, as summarised in Figure 3.1.5, 8-9 The 
diffusion path lengths of reactants/products is directly impacted by MOF crystal size, whereby 
the diffusion rates will not significantly change with particle downsizing, but the diffusion 
paths will decrease dramatically.9 Since MOFs can be synthesised with a high degree of control 
over particle size and internal pore environment,10-11 the performance of MOF catalysts could 
be further enhanced through nanoscale structuralisation. As discussed in Chapter 2, despite this 
potential enhancement of activity, the impact of particle size and active site concentration 
within MOFs is not well understood, especially with frameworks which feature both internal 
and external active sites. 
 
Figure 3.1: Schematic showing the effect size on external : internal surface area ratio and 
diffusion pathlength through the framework.  
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To be utilised in the study on the impact of size/active site concentration on catalytic 
activity, the MOF candidates must fulfil several criteria: 
1. Frameworks must be sufficiently stable to a wide range of reaction conditions (high 
temperature/ varied solvents). 
2. The density/ accessibility of MOF active sites must be easily modulated. 
3. The candidate MOF must be synthesisable over a range of crystal sizes, with a high 
degree of control over the size distribution and crystallinity. 
The stability of MOFs lies in both the strength of the metal-ligand bonds between the 
metal containing secondary building unit (SBU) and organic ligands, and in the connectivity 
of the framework. SBUs containing high oxidation state transition metals (Zr4+ versus Zn2+) 
have high charge densities at the metal centre and experience significant ligand field 
stabilization (from the splitting of d-orbitals) upon ligation.12 These factors make such SBUs 
less vulnerable to ligand substitution from the resultant increased bond strength. Additionally, 
higher nuclearity in the metal containing SBU increases the stability of the MOF, as the 
framework will suffer disproportionally less disconnection if substitution were to occur.13 As 
such, MOFs containing highly connected Zr-oxo SBUs, for example UiO-66 (University of 
Oslo MOF-66), UiO-67 and NU-1000 (Northwestern University MOF-1000), have shown 
excellent thermal, organic/aqueous solvent, and acid stability.14-16 All three MOFs are 
comprised of the 12 connected Zr6O4(OH)4 SBU and their respective ligands; 1,4’-benzene 
dicarboxylic acid (bdc, UiO-66), 4,4’-biphenyl dicarboxylic acid (bpdc, UiO-67) and the larger 
tetracarboxylic acid,17 1,3,6,8-tetrakis(p-benzoic acid)pyrene, (TBAPy, NU-1000) see Figure 
3.2.14  
 
Figure 3.2: Representations of the Zr-oxo SBU with 12 connected ligands and the ligands of 
UiO-66 (bdc), UiO-67 (bpdc) and NU-1000 (TBAPy). 
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Framework stability to catalytic conditions can also be attributed to the location of 
active sites and needs to be controlled, not only to provide a stable platform, but also to prevent 
interference from adventitious catalytic sites. Active sites situated at co-ordinately unsaturated 
sites of the metal SBU, either intrinsic to the framework (e.g. NU-1000),14 or resulting from 
ligand defects/terminating coordination environments at the exterior of the MOF crystal (e.g. 
ZIF-8), could induce ligand substitution and destabilise the framework, see Chapter 2.5 As 
such, the MOF selected for this study needs to contain no adventitious active sites for the 
desired reaction, and should instead be capable of being appended with site isolated molecular 
catalysts at desired positions throughout the framework, without destabilising the MOF 
support. To facilitate direct incorporation of molecular catalysts in this manner, the 
functionality of linker units needs to be able to be altered to allow the MOF to act as a scaffold. 
For example, the 4,4’-biphenyl dicarboxylic acid (bpdc) UiO-67 linker can be replaced with a 
bipyridine analogue (2,2’-bipyridyl-5,5’-dicarboxylic acid, bpydc) during MOF synthesis to 
produce UiO-67-bpydc, which is {,  #929} to UiO-67 except it contains sites that are readily 
metalated.18 Metalation of a MOF, such as UiO-67-bpydc, can be achieved either pre- or post 
MOF synthesis to impregnate the framework with molecular catalysts.19-20 Typically, however, 
UiO-67-bpydc can chelate transition metals once the MOF scaffold has been formed; this 
process is described as post-synthetic metalation (PSMet).19 Metalated MOFs have shown 
promise as recyclable heterogeneous catalysts, with a wide range of transition metal catalysts 
available for metalation and consequently allowing access to a broad range of catalytic 
reactions.18, 21-23    
The candidate framework UiO-67-bpydc has been investigated previously for a range 
of liquid phase catalysis reactions, catalysed at site isolated molecular catalysts appended to 
the framework. Long et al. reported single-crystal-to-single-crystal (SC-SC) metalation of 
UiO-67-bpydc with a range of transition metal complexes including; CuCl2, CuCl, CoCl2, 
FeBr2, Cr(CO)4 and [Ir(COD)2]BF4, the latter of which was investigated for catalytic activity 
in C-H borylation.21 The density of active sites within UiO-67-bpydc can be controlled through 
the dilution of the chelating bipyridine ligand (bpydc) with bpdc either during MOF synthesis 
or post synthetically via solvent-assisted-ligand-exchange (SALE).18 Cohen et al. were able to 
metalate UiO-67-bpydc with PdCl2 and use the material to catalyse the Suzuki coupling of 
para-bromotoluene and phenyl-boronic acid, demonstrating that a 50% loading of bpydc into 
UiO-67 afforded the fastest reaction rates, equivalent to molecular PdCl2 catalysts in solution.18 
Reactant diffusion through the framework is essential for an efficient MOF catalyst, if all the 
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bipyridyl sites are metalated in UiO-67-bpydc it is possible that pore blockage may occur, 
stopping larger reactants from passing through the framework. Modular control of active site 
density within the framework affords control over solvent and reagent diffusion, potentially 
reducing pore blockage upon PSMet.18 As such, UiO-67-bpydc is an ideal platform to 
investigate catalytic reactions which are diffusion reliant. 
In addition, the highly modulated synthesis of Zr-MOFs, such as UiO-67-bpydc, 
enables excellent control over the size, morphology and quality of crystals.24-25 UiO-67-bpydc 
has been synthesised over a variety of size regimes through the use of additives such as acetic 
and benzoic acid, with high ratios of modulators being necessary to produce high quality, 
mono-dispersed crystals.17, 26 Diring et al. were able to incorporate photoactive moieties 
(MnBr(bpydc)(CO)3) into UiO-67-bpydc and tune the release of CO, post UV irradiation, by 
controlling the crystal size from between 260 nm to 1.2 µm of the material.27 Additionally, 
synthetic pathways to larger single crystals have been reported, but mono-dispersity is 
challenging during the synthesis of larger crystals and a microcrystalline powder often co-
crystallises.28 As such, UiO-67-bpydc fits the three aforementioned criteria and was 
subsequently selected as the framework for the study of particle effects on catalysis with MOFs 
in this chapter. 
 The objective of the work described in Chapter 3 was to investigate the impact of crystal 
size and ligand concentration on catalysis of hydroformylation in the gas phase using UiO-67-
bpydc metalated with different reactive rhodium(I) species. This was achieved by synthesising 
UiO-67-bpydc in a range of different particle sizes and analysing the activity/product 
distributions for the gas phase hydroformylation reactions catalysed by the MOF materials. The 
synthesis and characterisation of suitable size regimes of UiO-67-bpydc will be described in 
the first half of this chapter. The PSMet of these samples with a selection of rhodium(I) 
catalysts and subsequent hydroformylation reactions will be further discussed in the second 
half of this chapter. 
3.2. Size Control of UiO-67-bpydc 
 In order to achieve the overall aims of this project it was necessary to first synthesise 
UiO-67-bpydc over a few discrete size ranges. Ideally, each size regime would differ by one 
order of magnitude, so that size effects on MOFs catalysis could be more readily observed. As 
such, the three size ranges around 100 nm, 1 µm and 10 µm were selected as targets for the 
size control of UiO-67-bpydc. To ensure that the particle size distribution and crystal quality 
(morphology etc.) of crystals prepared from each of the synthetic conditions were similar, the 
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samples were examined via scanning electron microscopy (SEM). Once candidates with a 
narrow particle size distribution and uniform crystal morphology for each of the desired crystal 
sizes had been identified, the crystallinity was examined via Powder X-ray Diffraction (PXRD) 
and compared to a simulated pattern of UiO-67-bpydc. The following discussion outlines the 
screening of synthetic conditions for UiO-67-bpydc at 100 nm, 1 µm and 10 µm and the 
analysis of candidate samples via SEM and PXRD. 
 Alkaline conditions have been applied for the synthesis of nano-MOFs (< 1 µm),29 but 
have not been widely reported for the synthesis of Zr-MOFs such as UiO-67-bpydc. Adding 
base to the reaction mixture for MOF synthesis has been shown to deprotonate the carboxylic 
acid groups, such as those of H2bpydc, initiating the rapid precipitation of MOFs.30 The bases 
examined for the synthesis of nano-scale UiO-67-bpydc included; sodium formate, sodium 
acetate, sodium hydroxide, triethylamine, n-butylamine and tert-butylamine. These additives 
were added to a solution of ZrCl4 and H2bpydc in DMF at room temperature and the reactions 
were stirred overnight, see experimental section 3.8.2 for further details. The basic additives 
were added to the solution at a 1:1 ratio of base to ligand, resulting in a 2:1 ratio of carboxylic 
acid to base, meaning only partial deprotonation could occur. The samples were washed with 
DMF (× 2) and tetrahydrofuran (×4), and then dried in a desiccator prior to analysis via SEM. 
Sub-micron crystals formed under all of the trialled basic conditions, but unfortunately none 
of the conditions yielded uniform crystals in discrete size ranges, see Appendix 3.10.1 Figure 
3.A.1. The rapid nucleation of precipitate under basic conditions resulted in varied particle 
sizes and inconsistent crystal morphologies, hence none of the conditions tested were suitable 
for further analysis. 
 Zr-MOFs are more typically synthesised using acidic additives, which modulate crystal 
growth by competing at the metal SBU with the ligand in a process described as coordination 
modulation.31-32 High equivalents of acidic additives are necessary for the synthesis of high 
quality crystals of UiO-67-bpydc.15, 17 It has also been shown that acid modulators are essential 
in the synthesis of the Zr-oxo cluster, with some Zr-MOFs requiring the pre-formation of the 
zirconium SBU prior to the addition of the ligand for successful MOF synthesis (NU-1000).33-
35 As mentioned previously, Diring et al. demonstrated the synthesis of UiO-67-bpydc at two 
discrete size regimes using varying equivalents of acetic acid as the modulator, with average 
particle sizes of 260 nm and 1.2 µm for 30 and 90 equivalents of additive respectively.27 As 
such, the solvothermal synthesis of UiO-67-bpydc was examined with acidic additives, glacial 
acetic acid and benzoic acid, in collaboration with the Furukawa research group in Kyoto.  
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UiO-67-bpydc was synthesised using 30 equivalents of acetic acid (AA) and benzoic 
acid (BA), separately, at 120 ºC for 1-4 days to modulate the crystal growth, see experimental 
section 3.8.2 for further details. The as-synthesised samples were solvent exchanged with DMF 
(× 2) and tetrahydrofuran (×4, THF), dried and then examined via SEM and PXRD. Synthesis 
with 30 equivalents of BA produced uniformly distributed octahedral crystals with an average 
diameter of 1.41 ± 0.05 µm after 1 day, (see Appendix 3.10.1, Figure 3.A.2). Longer reaction 
times resulted in an increase in the average crystal diameter and broader size distributions; 1.79 
± 0.11, 1.85 ± 0.11 and 1.85 ± 0.10 µm for 2, 3 and 4 days respectively, (see Appendix 3.10.1, 
Figure 3.A.2). A similar trend was observed for crystals synthesised using 30 equivalents of 
AA, although at a smaller size regime. After 1 day rough octahedral crystals with a narrow size 
distribution of 0.33 ± 0.01 µm were synthesised and again, the average crystal diameter/size 
distribution increased to 0.38 ± 0.01, 0.51 ± 0.05 and 0.54 ± 0.04 µm after 2, 3 and 4 days 
respectively, (see Appendix 3.10.1, Figure 3.A.3). It must be noted that the quality of crystals 
was improved over 2-4 days, with the crystal edges becoming more defined. The trends 
observed indicated initial nucleation within 1 day of synthesis with 30 equivalents of BA/AA, 
and crystal ripening over longer reaction times. BA has a lower pKa than AA (4.20 and 4.76 
respectively) and so competes at the Zr-oxo centre more readily enabling the growth of larger 
crystals.36 All of the as-synthesised samples were crystalline and phase pure via PXRD, 
matching the simulated pattern of UiO-67-bpydc (Appendix 3.10.1, Figure 3.A.4). The 1 day 
synthesis with 30 equivalents of BA satisfied the intermediate size range of approximately 1 
µm and will be henceforth denoted 11µm. Size modulation with AA was promising, producing 
narrow size distributions, but did not fit into the target size regime of approximately 100 nm;  
hence, further screening was attempted at a higher modulator to ligand ratio and under more 
dilute conditions.  
 Controlling crystal growth, via coordination modulation, can be further refined by 
altering the concentration of reagents, thereby reducing the rate of crystal nucleation. The 
synthesis of UiO-67-bpydc with was attempted by increasing the modulator to ligand ratio by 
a factor of 4, in tandem with a 3.5 fold reduction in reagent concentration, (see experimental 
section 3.8.2 for more details). These modifications to the aforementioned AA modulator 
conditions (1 d, 120 ºC) resulted in the formation of homogeneously dispersed crystals with an 
average diameter of 47.2 ± 1.1 nm, as examined via SEM (see Appendix 3.10.1, Figure 3.A.5). 
The reproducibility of these reaction conditions was examined by altering the reaction vessel 
from a Teflon lined vial to a glass Wheaton vial, which resulted in an increase in average crystal 
Chapter 3   
- 88 - 
 
diameter to 124.7 ± 7.5 nm, (see Appendix 3.10.1, Figure 3.A.6). The crystals synthesised in 
glass vials had better definition of crystal edges, and these conditions were easily reproducible. 
MOF samples synthesised with 120 eq. of AA for 1 day, were highly crystalline, matching the 
simulated powder pattern of UiO-67-bpydc (see Appendix 3.10.1, Figure 3.A.7). As such, 
crystals synthesised under these conditions were ideal as the smallest size regime 
(approximately 100 nm) and will be denoted 1100 nm. 
 Ligand solubility can directly impact the rate of MOF formation.37 The better the MOF 
components are solubilised, the better the quality of MOF crystals, because there are fewer 
sites of nucleation in solution and hence crystals can grow slower and bigger. In collaboration 
with the Furukawa group, conditions to synthesize larger UiO-67-bpydc crystals were 
investigated using a better solvent for H2bpydc; dimethylacetamide (DMA). Since 30 eq. of 
BA was shown to yield highly crystalline MOF crystals at 1-2 µm crystal diameters, BA was 
selected to modulate MOF synthesis in DMA. The conditions initially tested included 
variations from 11µm; a two-fold increase in component concentration and, increasing the 
reaction temperature and time to 140 ºC and 72 hours respectively (see experimental section 
3.8.2 for further details). These conditions yielded large octahedral crystals on the sides of the 
glass vials and a mixture of polycrystalline material at the bottom of the vial. The 
polycrystalline material was removed from the vial before the octahedral crystals were washed 
from the sides of the glass vials. These crystals were handled in a similar manner as 1100nm and 
11µm prior to analysis via SEM and PXRD, being washed with DMA (× 2) and THF (× 4) and 
then dried. SEM analysis of the sample revealed an average crystal diameter of 11.9 ± 0.4 µm 
for the large octahedral crystals and the presence of a smaller co-precipitate, which could be 
removed through successive washing steps, as discussed above (see Appendix 3.10.1, Figure 
3.A.8). The crystallinity of the sample was examined by PXRD and, was found to match the 
simulated powder pattern of UiO-67-bpydc  (see Appendix 3.10.1, Figure 3.A.9). The modified 
synthetic conditions of 11µm afforded crystals with a diameter > 10 µm, satisfying the largest 
desired size regime and henceforth will be denoted as 110µm. The three size regimes 1100nm, 11µm 
and 110µm, as seen in Figure 3.3, were utilised to investigate the impact of crystal size on gas 
phase catalysis with MOFs. 
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Figure 3.3: SEM images of a) 1100nm, b) 11µm and c) 110µm which have average crystal diameters 
of 124.7 ± 7.5 nm, 1.41 ± 0.05 µm and 11.9 ± 0.4 µm, respectively. 
 The porosity and internal surface areas of 1100nm, 11µm and 110µm were examined prior to 
metalation/catalysis, to determine whether the crystal size of UiO-67-bpydc would influence 
the permanent porosity of the MOF. N2 77 K adsorption isotherms were collected on all three 
samples, post-activation from THF (see experimental section 3.8). The isotherms for all three 
samples exhibited Type 1 characteristics, demonstrating high N2 uptake at low partial pressures 
which is indicative of microporosity (see Figure 3.4).38 The total uptake of N2 increased slightly 
from 1100nm to 11µm, while 110µm remained similar to 11µm, with the corresponding Brunauer-
Emmett-Teller (BET) surface areas of 2490 ± 37, 2641 ± 3 and 2593 ± 7 m2/g (see Figure 3.4). 
Similarly, the pore-size distribution (calculated via DFT N2 model) did not vary significantly 
for the different crystal sizes in Figure 3.4, indicating that permanent porosity and pore 
structure is retained for UiO-67-bpydc when synthesised at 100 nm, 1 µm and 10 µm size 
regimes. 
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Figure 3.4: a) N2 77 K sorption isotherms and b) pore-size distributions for 1100nm, 11µm and 
110µm plotted in red, blue, and grey, respectively. 
3.3. Mixed Linker Synthesis of UiO-67 
 Non-metalated UiO-67-bpydc has an average pore diameter of 11.5 Å, but metalation 
of the N-donor sites of the ligand can significantly reduce the porosity of the metalated material 
and can lead to limited substrate diffusion during catalysis.18 Additionally, over metalation 
could further reduce available pore space, as shown by Gonzalez et al., who recently reported 
the formation of  metal halide sheets within the pores of UiO-67-bpydc, albeit, under extended 
metalation times of 1 month.39 Hence, it was necessary to find a crystal engineering solution to 
minimise potential pore blockage upon post-synthetic metalation (PSMet) of 1100nm, 11µm, and 
110µm with the desired metal catalyst. UiO-67 can be synthesised using a mixture of ligands to 
control the concentration of H2bpydc by diluting it within the framework with a non-chelating 
ligand H2bpdc. Control over the concentration of chelating sites affords direct control over the 
extent of metalation and consequently enables modulation of active site concentration and the 
capacity to minimise pore-blockage upon PSMet. Cohen et al. demonstrated excellent control 
over the concentration of H2bpydc within UiO-67 by varying the ratio of H2bpydc to H2bpdc 
in the precursor solutions used for direct solvothermal MOF synthesis.18 Overall, ligand 
concentration was examined via 1H NMR spectroscopy post-acid digestion in DMSO 
(hydrofluoric acid, HF), which revealed that Cohen et al. were able to synthesise UiO-67 with 
H2bpydc loadings of 0, 25, 50, 75 and 100 % without a reduction in crystallinity.18 Using the 
protocols developed by Cohen et al. mixed linker synthesis of UiO-67 was attempted for 1100nm, 
11µm and 110µm in order to minimise potential pore blockage upon PSMet. 
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 Direct solvothermal mixed ligand synthesis of UiO-67-bpydcx-bpdc6-x has the potential 
to impact the crystal size under the previously optimised conditions for 1100nm, 11µm and 110µm, 
because the two ligands have different solubilities in DMF and DMA. H2bpdc is significantly 
more soluble than H2bpydc in both DMF and DMA, which could result in the formation of 
larger crystals at high loading of H2bpdc in the precursor solution. The size distribution of all 
samples synthesised via mixed ligand synthesis was checked using SEM. The crystallinity of 
all samples was monitored via PXRD and the ligand incorporation was determined via 1H NMR 
spectroscopy. Prior to analysis by 1H NMR spectroscopy analysis samples needed to be 
digested under acidic conditions, HF is  commonly used acid for such digestions, but due to its 
toxicity and safety concerns, alternate acidic conditions were pursued. In our research group 
acidic digestion conditions using DCl/DMSOd6 had been shown to effectively digest Zr-based 
MOFs such as NU-1000 and UiO-67 enabling defect analysis via 1H NMR spectroscopy, and 
were subsequently adopted for this work, (see experimental 3.8 for more details).40-41 SEM, 
PXRD and 1H NMR spectroscopic techniques were used in tandem to determine the quality of 
samples of 1100nm, 11µm and 110µm synthesised via mixed ligand synthesis. The notation for 
H2bpydc inclusion into 1100nm, 11µm and 110µm will be based on the feed percentage within the 
sample, i.e. 1100nm-50% and 1100nm-100% would indicate samples synthesised using the 
conditions for 1100nm using feed stocks featuring 1:1 and 1:0 ratios of H2bpydc to H2bpdc. 
 Mixed ligand synthesis of UiO-67 under the aforementioned solvothermal conditions 
for the synthesis of 1100nm, 11µm and 110µm, was attempted by altering the feed stock ligand ratio 
(H2bpydc:H2bpdc). Other than the ligand ratio, the reaction conditions were not altered in any 
other way; 25, 50, 75 and 100 % H2bpydc reaction mixtures were used tested for 1100nm and 
11µm, and 50/100% H2bpydc reaction mixtures were used for 110µm. The ligand loading in the 
synthesised samples was determined, as a percentage relative to H2bpdc in the digested sample, 
via 1H NMR spectroscopy, (see Table 3.1). Exemplar 1H NMR spectra for 1100nm-25% to 1100nm-
100%, are displayed in Figure 3.5 and demonstrate the incorporation of H2bpydc into the 
framework. The ligand loading for 11µm and 110µm samples are summarised in Table 3.1, and 
the corresponding spectra are plotted in Figure 3.A.10, Appendix 3.10.2. The ligand loading 
correlates to the H2bpydc % in the reaction mixture for all samples except 1100nm-25% and 
1100nm-75%, which had loadings of 36.5 and 88.8% respectively. As such, for PSMet/catalysis 
only samples of 50/100% H2bpydc loadings will be tested for all three size regimes, 
additionally PSMet of 11µm-25% to 11µm-100% will be analysed due to the excellent ligand 
loading control achieved.  
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Figure 3.5: 1H NMR spectra of DCl/DMSOd6 digested samples of UiO-67 with varied H2bpydc 
loadings synthesised under solvothermal conditions (1100nm); 25%, 50%, 75% and 100%. The 
chemical shifts for ligands H2bpydc and H2bpdc are highlighted in red and blue, respectively. 
Note the chemical shifts of proton signals of  H2bpydc subtly change with acid concentration 
due to the protonation of the pyridyl nitrogens in the ligand during the DCl/DMSOd6 digestion. 
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Table 3.1: Ligand incorporation data (1H NMR H2bpydc:H2bpdc ratio) and SEM size 
distribution data for the mixed ligand synthesis of UiO-67 under solvothermal conditions 
1100nm, 11µm and 110µm.  
 
 The average crystal size and morphology of mixed ligand samples of 1100nm, 11µm and 
110µm were analysed by SEM, as summarised in Table 3.1. The varied ligand loading impacted 
the average crystal diameter in interesting ways depending upon the synthesis conditions (see 
Table 3.1, Figures 3.6, 3.A.11 and 3.A.12). When AA was used as a modulator (1100nm) the 
average crystal size increased with a higher loading of H2bpydc (see Table 3.1 and Figure 3.6), 
whereas under synthetic conditions where BA was utilised (11µm and 110µm) the average crystal 
diameter decreased with high H2bpydc loadings. Note that all of the reactions were conducted 
in identical 20 ml glass Wheaton vials, as such the average crystal diameter of 11µm-100% is 
smaller than previously discussed because the previous sample was synthesised in a Teflon-
lined vial. The trends in crystal size are due to two competing factors, ligand solubility and 
Sample % H2bpydc 
(reaction mixture) 
% H2bpydc  
(loading in sample;  




1100nm-25% 25 36.5 53.1 ± 2.5 nm  
1100nm-50% 50 58.8 65.9 ± 3.6 nm 
1100nm-75% 75 88.8 75.3 ± 6.8 nm 
1100nm-100% 100 100 124.7 ± 7.5 nm 
11µm-25% 25 27.3 1.28 ± 0.06 µm 
11µm-50% 50 51.1 1.07 ± 0.04 µm 
11µm-75% 75 77.3 0.81 ± 0.02 µm 
11µm-100% 100 100 0.73 ± 0.02 µm 
110µm-50% 50 55.4 21.8 ± 0.5 µm 
110µm-100% 100 100 11.9 ± 0.4 µm 
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solution concentration. H2bpdc is much more soluble than H2bpydc in both DMF and DMA, 
hence the nucleation of crystals is dictated by the loading of H2bpydc in relatively high ligand 
concentration synthesis conditions, 10.5 and 20 µM for 11µm and 110µm respectively. Poor ligand 
solubility leads to faster crystal nucleation as undissolved ligand in the reaction mixture acts 
as nucleation sites, leading the more rapid growth of crystals and hence smaller crystals on 
average. As such, reducing the loading of H2bpydc in solution leads to the formation of larger 
crystals (25-75% loading vs. 100% loading). Interestingly, the same trend is not observed for 
1100nm which is synthesised under much more dilute conditions, with a lower overall ligand 
concentration of 3 µM. At this low concentration both ligands dissolve completely in DMF, 
and so the rate of MOF formation is dictated by the acid dissociation constants of the ligands. 
The pKa1/pKa2 values of the carboxylic acid groups of H2bpydc and H2bpdc are 4.25/9.5 and 
3.91/9.02 respectively.42-43 Since H2bpdc is more acidic than H2bpydc, initial MOF formation 
occurs faster at low loadings of H2bpydc leading to rapid nucleation of MOF crystals and lower 
average crystal sizes. PXRD analysis of the mixed ligand samples of 1100nm, 11µm and 110µm 
confirmed their phase purity as they all matched the simulated pattern of UiO-67-bpydc (see 
Figures 3.7, 3.A.13 and 3.A.14).  
 
Figure 3.6: SEM images of a) 1100nm-25%, b) 1100nm-50%, c) 1100nm-75% and d) 1100nm-100%.
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Figure 3.7: PXRD patterns of UiO-67-bpydc; simulated (black), 1100nm-25% (dark red), 1100nm-
50% (red), 1100nm-75% (orange) and 1100nm-100% (dark yellow). 
 In this section the synthesis and characterisation of UiO-67-bpydc at three different size 
regimes, 1100nm, 11µm and 110µm, was discussed. Additionally, the synthesis of mixed ligand 
UiO-67 with varied loading of H2bpydc for each size regime was described, with these samples 
enabling control over active site concentration - but not location - within the MOF samples. As 
such, samples synthesised at the three size regimes, with varied ligand loadings, were used to 
investigate the impact of crystal size/active site dilution on the catalytic activity of catalysts for 
gas phase hydroformylation of ethylene. 
3.4. Background on Hydroformylation Catalysis 
In order to evaluate the impact of particle size on the catalytic activity of MOFs without 
pore blockage, a simple small molecule reaction needed to be investigated. Solid-gas phase 
reactions present an opportunity to study heterogeneous catalysis of small molecule reactions 
with MOFs.44 Hydroformylation is one such reaction which is widely used in the 
petrochemical, fragrance, and food industries.45-46 The hydroformylation reaction involves the 
addition of a formyl group to an alkene moiety, which is typically a metal catalysed addition 
of CO and H2 to an alkene (see Scheme 3.1).46 The conversion of olefins to aldehydes opens 
Chapter 3   
- 96 - 
 
the door to further chemistry, enabling the synthesis of alcohols, esters, hemiacetals, acetals, 
and carboxylic acids, cementing the importance of the hydroformylation reaction for fine 
chemical synthesis on an industrial scale.46 Under hydroformylation reaction conditions, it is 
possible to form a range of side products; since hydrogen is always present alkenes/aldehydes 
can be hydrogenated forming alkanes and alcohols (see Scheme 3.1).47 Alkene hydrogenation 
is the more thermodynamically favoured reaction, as such hydroformylation reactions are 
typically conducted with kinetic control.47 This kinetic control is commonly achieved by 
varying the reaction conditions such as, pressure, temperature, increasing reagent 
concentrations and varying the ratio of reagents (CO:H2 ratio), to promote the kinetic reaction 
(hydroformylation over hydrogenation),48-49 which will be further discussed in section 3.6. 
Additionally, the alkene substrate can isomerise under catalytic conditions, leading to the 
production of a mixture of terminal and branched alkenes/aldehydes from tandem 
isomerisation-hydroformylation.47, 50 As this reaction can be performed in the gas phase, using 
volatile alkenes such as ethylene or 1-propene, it represents an ideal reaction to use to 
investigate solid-gas catalysis with MOFs. 
 
Scheme 3.1: General reaction scheme of the hydroformylation reaction, converting alkenes into 
aldehydes, and potential side products (alkanes, isomerisation, and alcohols). 
The mechanism for the hydroformylation reaction was originally proposed by Heck and 
Breslow,51 and has since undergone refinement since its initial proposal.52-53 The general 
mechanism, as displayed in Scheme 3.2, begins with a rhodium(I)hydride complex (I) which 
is typically formed in situ from a rhodium(I)carbonyl complex upon exposure to hydrogen. 
Ethylene coordinates at the vacant site of (I) to form the common intermediate (II), the hydride 
then migrates to one of the carbon atoms of the coordinated ethylene molecule (IIa) leading to 
the rhodium alkyl species (III). Note, migratory hydride insertion on the non-terminal carbon 
of longer alkenes than ethylene leads to the formation of branched products. CO coordination 
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(IV) and subsequent migration of the alkyl group to the CO (carbonylation), leads to formation 
of the rhodium acyl species V. Oxidative addition of hydrogen can then occur (VI) which is 
followed by reductive elimination to form the aldehyde product and regenerate the catalyst (I). 
It is important to note that all of the steps in this reaction, besides the final step, are equilibria 
and consequently the regio- and enantioselectivity could be determined by the hydride 
migration step from intermediate IIa.47 Additionally, oxidative addition of hydrogen to the 
rhodium alkyl species (IIIa) provides an alternate pathway to the formation of alkanes via 
reductive elimination regenerating the catalyst (I) in the process.49 CO coordination to III 
disfavours paraffin production, hence the catalyst selectivity between the 
hydrogenation/hydroformylation can be controlled by varying the CO:H2 ratio.49 Ethylene was 
selected as the alkene for this study, in order to conduct the reaction in the gas phase, simplify 
the possible products formed and remove the possibility of branched products from forming. 
 
Scheme 3.2: Mechanism of rhodium-catalysed hydroformylation of ethylene, with the 
proposed competing hydrogenation reaction highlighted in red.49 
The hydroformylation reaction is typically catalysed by a homogeneous rhodium 
complex in industry, but as with most homogeneous reactions this process suffers from poor 
catalyst recovery.54 There have been many examples of the heterogenization of these 
homogeneous catalysts through immobilisation onto a solid support such as alumina,55 silica,56-
57 micro and meso-porous materials such as zeolites58-59 and also activated carbons.60-61 
However, the heterogenization is challenging and much of the activity is lost upon 
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immobilisation.62 Hence, dispersing the catalyst in a site isolated manner within a porous MOF 
may improve the activity of the immobilised catalyst, because the high porosity and large pore 
apertures enable fast mass transport through the framework. Rhodium complexes/nanoparticles 
have been adsorbed onto MOFs including: MOF-5, IR-MOF-3 and ZIF-8 and subsequently 
used to catalyse hydroformylation reactions.54, 63-64 However, in these studies the adsorption of 
rhodium complexes/nanoparticles onto a MOF scaffold lacked the precision or control over the 
location/dispersion of active sites that this study necessitates. Homogeneous rhodium catalysts 
can alternatively be heterogenized with MOFs through their coordination at vacant chelating 
N-donor bipyridine moieties on the ligands of frameworks, for example with UiO-67-bpydc. 
Gas phase hydroformylation reactions and the heterogenization of typical homogeneous 
rhodium catalysts will be further discussed in the next section. 
3.5. Metalation of UiO-67-bpydc with Rhodium(I) Species 
 A general method of preparing a homogeneous rhodium catalyst for hydroformylation 
reaction involves chelating a rhodium(I)carbonyl complex with an electron donating P-donor 
ligand, typically triphenylphosphine (PPh3), under syngas conditions.45 The stability of the 
catalyst is improved markedly through the use of a bulky bi-dentate P-donor ligand, but the 
pre-catalysts are often difficult to isolate and are required to be synthesised under inert 
atmospheres.65 There are limited reports of bidentate N-donor ligands being used to stabilise 
rhodium(I) complexes for hydroformylation reactions simply because P-donor ligands are 
more electron donating, resulting in a more active catalyst and are ubiquitously used in the 
aforementioned industries.66 As such, this study will also involve screening the PSMet of UiO-
67-bpydc with several different rhodium(I) precursors prior to catalysis testing. The rhodium(I) 
species that were screened are summarised in Figure 3.7. 
 
Figure 3.7: Structures of the rhodium(I) complexes screened for PSMet including 
[Rh(CO)2Cl]2 (A), [RhCODCl]2 (B), [RhCOD(acetone)2]BF4 (C) and Rh(CO)2(acac) (D). 
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 Initial PSMet studies were conducted with 11µm and its varied ligand loading variants 
because 11µm was the easiest to synthesize reproducibly on a large scale. The rhodium(I) dimer 
[Rh(CO)2Cl]2, as seen in Figure 3.7, was used to probe the accessibility of the chelating sites 
to simple rhodium(I) dimers. 11µm-25% to 11µm-100% were metalated with [Rh(CO)2Cl]2 in 
distilled acetonitrile (MeCN) under an inert atmosphere overnight (see experimental section 
3.8). The maroon coloured micro-crystalline powders were washed with freshly distilled 
MeCN (×7). The metalated samples were then analysed via SEM/EDX to determine the 
occupation of the chelating bipyridine moieties within the framework. Since the molecular 
formula of UiO-67-bpydc is Zr6O4(OH)4(bpydc)6, there is a 1:1 ratio of Zr to bipyridine sites 
within the framework, at lower ligand loadings this ratio changes accordingly, i.e. 11µm-25% 
has a 3:1 ratio of Zr to bipyridine sites. Hence, the occupation of bipyridine sites can be 
determined indirectly by analysing the Rh:Zr ratio via EDX, see Figure 3.8. In order to maintain 
charge balance, the rhodium(I) complex likely chelates with the bipyridine units to form a 
rhodium(I) carbonyl cation, charge balanced with an anionic [Rh(CO)2Cl2]- complex, as 
proposed in Scheme 3.3, which is consistent with literature examples with bidentate N-donor 
ligands.66-67 Hence, there should be two rhodium atoms per H2bpydc ligand in UiO-67-bpydc 
upon PSMet with [Rh(CO)2Cl]2. At low ligand loadings (27.3 and 51.1%) quantitative 
metalation occurs, with slightly higher than 200% occupation of the ligand by the rhodium 
complex, indicating there is space for [Rh(CO)2Cl2]- to sit in the pores of the framework. At 
higher H2bpydc ligand loadings (77.2 and 100%) less than quantitative metalation occurs with 
the % Rh loading dropping to 146 and 163% respectively. The reduction in rhodium 
incorporation at high ligand loadings in the MOF is indicative of pore blocking, which results 
in less than quantitative metalation. PSMet with [Rh(CO)2Cl]2 resulted in no reduction in 
crystallinity or changes to crystal morphology, as shown by PXRD and SEM analysis (see 
Appendix 3.10.3, Figures 3.A.15 and 3.A.16). 
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Scheme 3.3: Reaction of H2bpydc with [Rh(CO)2Cl]2 forming 
[Rh(bpydc)(CO)2][Rh(CO)2Cl2]. 
 
Figure 3.8: Comparison of the % H2bpydc loading of 11µm (as determined by 1H NMR, post 
DCl/DMSOd6 digestion) versus the Rh:Zr ratio plotted as % metalation via EDX (red), the % 
H2bpydc occupation by rhodium (green). Additionally, the expected Rh:Zr ratio (assuming 
200% ligand occupation) is plotted as a blue line. 
The structure of the rhodium complex within the framework was further analysed via 
infrared spectroscopy, see Figure 3.9. UiO-67-bpydc (MeCN washed) displays no stretches for 
CO or MeCN, bound or free in the framework, indicating the sample had been appropriately 
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dried prior to analysis. Samples of 11µm demonstrated stretches corresponding to coordinated 
CO, the four characteristic CO stretches are 2099, 2066, 2041 and 1991 cm-1, with higher ligand 
loadings corresponding to increased intensity of these stretches.68 Interestingly, at higher ligand 
loadings there is an increased presence of MeCN, both coordinated and within the pores of the 
framework. As such, the rhodium complex coordinated to the framework may be more 
complicated than described in Schematic 3.3, with either the cationic or anionic rhodium 
species coordinating MeCN and either becoming five-coordinate or remaining square planar 
from CO displacement by MeCN. In order to determine the structure of the rhodium complexes 
single crystal X-ray diffraction (SCXRD) analysis of the material could be conducted. 
However, at 100% H2bpydc loading, the ligand was not fully occupied with the Rh dimer due 
to limited pore space for the counter ion, and hence there would likely be significant challenges 
in solving (and refining) the structure of the metalated framework (see Chapter 5 for a full 
discussion on the challenges associated with crystallographic analysis of high symmetry 
structures). As such, no attempt was made to obtain a single crystal X-ray structure of UiO-67-
bpydc metalated with [Rh(CO)2Cl]2. 
 
Figure 3.9: Infrared spectra of UiO-67-bpydc (black), 11µm-25%ꞏ[Rh(CO)2][Rh(CO)2Cl2] (red), 
11µm-50%ꞏ[Rh(CO)2][Rh(CO)2Cl2] (blue), 11µm-75%ꞏ[Rh(CO)2][Rh(CO)2Cl2]  (pink) and 
11µm-100%ꞏ[Rh(CO)2][Rh(CO)2Cl2] (green). IR stretches: α) coordinated MeCN, ß) free 
MeCN and γ) coordinated CO. 
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Attempts were made to negate the observed pore blockage upon metalation with 
[Rh(CO)2Cl]2 by exchanging the rhodium(I) anion with a smaller counter-ion, BF4-, and 
through the use of a bulky rhodium(I) dimer [Rh(COD)Cl]2 (cyclooctadiene: COD). 11µm-50% 
was used for these metalation studies, because quantitative metalation would yield a Rh:Zr 
ratio of 0.5 (100% ligand occupation), but dimer formation within the pores would result in a 
Rh:Zr ratio of 1 (“200% ligand occupation”). PSMet of 11µm-50% with the rhodium(I) 
complexes was conducted at room temperature, under an inert atmosphere in distilled MeCN 
overnight. A 1:4 ratio of [Rh(CO)2Cl]2 to NaBF4 was used to ensure full anion exchange upon 
PSMet and [Rh(COD)Cl]2 was used in excess, see experimental section 3.8.2 for more details. 
The PSMet samples, 11µm-50%ꞏ[Rh(CO)2]BF4 and 11µm-50%ꞏ[Rh(COD)Cl] were washed with 
distilled MeCN (×7) and the Rh:Zr and Cl:Rh ratios were analysed via SEM/EDX and plotted 
as a percentage in Figure 3.10 (multiplying the ratio by 100). Additionally, the Rh:Zr ratio was 
analysed via inductively coupled plasma mass spectrometry (ICP-MS) post acid digest in 
HNO3 (see experimental section 3.8.2). In comparison to 11µm-50%ꞏ[Rh(CO)2][Rh(CO)2Cl2], 
11µm-50%ꞏ[Rh(CO)2]BF4 and 11µm-50%ꞏ[Rh(COD)Cl] demonstrated lower Rh:Zr ratios 
(EDX); 103.2 ± 4.3, 52.0 ± 2.0 and 51.5 ± 1.4 respectively, with ICP-MS Rh:Zr ratios following 
a similar trend. The Cl:Rh ratios indicate the presence of a small percentage of the rhodium 
counter ion persisting for 11µm-50%ꞏ[Rh(CO)2]BF4 despite anion exchange with NaBF4. Since 
this rhodium(I) species was challenging to unambiguously characterise, 11µm-
50%ꞏ[Rh(CO)2]BF4 was not utilised for catalytic studies. The bulky complex [Rh(COD)Cl]2 
demonstrated quantitative metalation of bipyridine sites within 11µm-50% and the Cl:Rh ratio 
(0.93) indicates that the coordinated complex is likely a charge neutral [Rh(bpydc)(COD)Cl] 
species. The steric bulk of COD directs PSMet with [Rh(COD)Cl]2, disfavouring the formation 
of the possible [Rh(bpydc)COD]+ [Rh(COD)Cl2]- dimer.  
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Figure 3.10: Rh:Zr (SEM/EDX), Cl:Rh (SEM/EDX) and Rh:Zr (ICP-MS) ratios (%, multiplied 
by 100) of 11µm-50% metalated with rhodium(I) complexes; [Rh(CO)2Cl]2, [Rh(CO)2]BF4, 
[RhCODCl]2, [RhCOD(acetone)2]BF4 and [Rh(acac)(CO2)]. 
 The crystallinity of the PSMet samples 11µm-50%ꞏ[Rh(CO)2]BF4 and 11µm-
50%ꞏ[Rh(COD)Cl] was analysed via PXRD, see Appendix 3.10.3 Figure 3.A.17. The powder 
pattern of 11µm-50%ꞏ[Rh(CO)2]BF4 matches the simulated pattern of UiO-67-bpydc indicating 
retention of long range order upon PSMet. However, the crystallinity of 11µm-50% is 
significantly reduced upon PSMet with [Rh(COD)Cl]2, with a reduction in peak intensity, peak 
broadening, and the presence of an amorphous phase. This reduction in long range order could 
originate from rotational disorder of the ligand and/or from disorder around the rhodium(I) 
centre potentially resulting from ligand dissociation. COD is a weakly bound ligand of 
rhodium(I) and could be coordinated in a range of different conformations resulting in a 
mixture of rhodium(I) species within the framework, thereby reducing long range order. COD 
lability was examined by bubbling CO through a solvated sample of 11µm-50%ꞏ[Rh(COD)Cl] 
in MeCN and analysing the IR spectra of the resultant complex 10 min, 1 h and 24 h post CO 
exposure (see Figure 3.11). Upon exposure to CO the 11µm-50%ꞏ[Rh(COD)Cl] darkened in 
colour, indicative of a change in the rhodium coordination environment and the IR spectra 
demonstrated the presence of characteristic CO stretches (as discussed earlier). After 1 h of 
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MeCN solvation, the samples colour lightened and the characteristic CO stretches in the IR 
spectra were less prevalent and, were absent after 24 h solvation. There appears to be MeCN 
in the solvated samples, but no coordinated MeCN, indicating the coordination sites of 
rhodium(I) are already occupied by another species, possibly COD. This experiment 
demonstrated that the COD co-ligand within 11µm-50%ꞏ[Rh(COD)Cl] is weakly bound but can 
be displaced by CO temporarily, enabling the formation of a transient rhodium(I)carbonyl 
species, which could be utilised for to catalyse hydroformylation reactions. 
 In order to broaden the range of catalysts which could be tested, PSMet of 11µm-50% 
with other rhodium(I) hydroformylation catalyst precursors, [RhCOD(acetone)2]BF4 and 
[Rh(acac)(CO)2], were also investigated. [RhCOD(acetone)2]BF4 was synthesised from the 
reaction between [Rh(COD)Cl]2 and AgBF4, which were combined in a 1:2 ratio in acetone at 
room temperature. Ag(I) abstracts Cl- from the rhodium dimer and a precipitate of AgCl is 
formed which must be removed prior to metalation. PSMet of 11µm-50% is then conducted in 
acetone with the as-synthesised [RhCOD(acetone)2]BF4 at room temperature (see experimental 
3.8.2). PSMet with [Rh(acac)(CO)2] was conducted in dried DCM, (see experimental 3.8.2). 
The PSMet samples were subsequently washed with their respective metalation solvents (×7), 
dried and analysed via SEM/EDX, PXRD and ICP-MS (post acid digestion). 11µm-
50%ꞏ[RhCOD(acetone)2]BF4 and 11µm-50%ꞏ[Rh(acac)(CO)2] both demonstrated quantitative 
metalation of Rh into the framework, with approximately 100% occupation of H2bpydc, as 
determined by the EDX and ICP-MS Rh:Zr ratios (see Figure 3.10). The Cl:Rh ratio for 11µm-
50%ꞏ[RhCOD(acetone)2]BF4 is very low, 2.3 ± 1.6 %, indicating successful halide abstraction 
prior to metalation. Both 11µm-50%ꞏ[RhCOD(acetone)2]BF4 and 11µm-50%ꞏ[Rh(acac)(CO)2] 
are highly crystalline, matching the powder pattern of UiO-67-bpydc, (see Appendix 3.10.3, 
Figure 3.A.17). The sharpness of the diffraction peaks of 11µm-50%ꞏ[RhCOD(acetone)2]BF4 
indicate minimal COD dissociation related disorder, meaning COD is more tightly coordinated 
to the rhodium(I) than in 11µm-50%ꞏ[Rh(COD)Cl]. SEM analysis of all of the PSMet samples 
revealed no surface deposition of rhodium and not alterations to the crystal morphology of 
11µm-50% upon PSMet (see Appendix 3.10.3, Figure 3.A.18). Hence, 11µm-50%ꞏ[Rh(COD)Cl], 
11µm-50%ꞏ[RhCOD(acetone)2]BF4 and 11µm-50%ꞏ[Rh(acac)(CO)2] were used to screen for the 
most active rhodium(I) catalyst for gas phase hydroformylation of ethylene to 1-propanal. 
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Figure 3.11: Infrared spectra of 11µm-50%ꞏ[Rh(COD)Cl]; as-synthesised (black) and post CO 
bubbling, 10 min (dark red), 1 h (red) and 24 h (orange). IR stretches: ß) free MeCN and γ) 
coordinated CO. 
3.6. Gas Phase Hydroformylation Catalysis 
Typical rhodium-catalysed hydroformylation reactions involve high pressures (10 to 40 
bar) and varied temperatures (dependent on the selectivity/ activity of the chosen catalyst).47, 
69-70 Since most homogeneous rhodium(I) catalysts reported contain electron donating P-based 
ligands, catalyst activity is relatively high, enabling the use of modest reaction temperatures 
(75-120ºC).44, 69 Ligand design for homogeneous rhodium(I) catalysts has also been used to 
tune the selectivity of the catalyst, allowing for control over isomerisation during 
hydroformylation and to disfavour hydrogenation.47 Reactions are also typically conducted 
under kinetic control, as mentioned previously, which is achieved under the conditions of high 
pressure and moderate reaction temperature, favouring alkene hydroformylation over the more 
thermodynamically favoured reaction, hydrogenation. The shift in equilibria results from 
increased CO insertion, which occurs more readily at higher pressures and suppresses alkene 
hydrogenation.47, 49 Additionally, most reactions are conducted in a bi-phasic system, and the 
homogeneous catalyst dispersed in an organic solvent (toluene) with the reaction vessel 
pressurised with CO/H2 prior to heating.70 As such, conditions were screened to maximise the 
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activity of the catalyst within the MOF for the solid/gas phase reaction within the limitations 
of the home-built catalytic set up.  
The catalytic reactor set up used for all of the solid/gas phase hydroformylation 
reactions was a high pressure stainless steel batch reactor, see Figure 3.A.19 for a schematic 
representation of the batch reactor. The batch reactor is a small volume (3.26 cm3) stainless 
steel vessel connected to a manifold (CO, H2, Ar and ethylene), a high pressure manometer (0-
20 bar), a vacuum pump, a pulse nozzle coupled to a residual gas analyser (RGA) and a gas 
chromatograph coupled to flame ionising detector (GC-FID). The batch reactor has a working 
temperature range between 25 – 200 ºC. The batch reactor set up enables real time analysis of 
the reaction progression via the RGA as a small portion of the reaction mixture is pulsed into 
the RGA at low pressure (2 × 10-6 Torr) throughout the duration of the reaction. The RGA 
gives information about the reaction profile in terms of product/substrate fragmentation in the 
gas mixture. Since the volume of the reaction vessel is held constant and the 
pressure/temperature of the reaction are monitored, the collected RGA data is therefore 
quantitative. Unfortunately, a number of reagents and products have overlapping fragmentation 
patterns (CO/ethylene/ethane), hence the RGA cannot provide quantitative information about 
reagent consumption. The reaction mixture can however be analysed once per reaction via GC-
FID, which can quantitatively determine the reagent consumption (ethylene) and production of 
ethane/1-propanal. The GC-FID has a low pressure working range (< 1 bar), as such analysis 
via GC-FID can only occur once per reaction at the end of the reaction after the majority of the 
gas mixture has been evacuated prior to an injection onto the column of the GC-FID. Hence, 
the working range of the batch reactor is 0-20 bar, 25-200 ºC, analysed via the RGA throughout 
the reaction and post the reaction via the GC-FID.  
Initial gas phase hydroformylation reactions were screened with 11µm-
50%ꞏ[Rh(COD)Cl] to determine the activity of the catalyst at a different temperatures. 11µm-
50%ꞏ[Rh(COD)Cl] was activated under vacuum on the batch reactor at 100 ºC overnight to 
remove residual solvent and moisture from the pores of the MOF. The batch reactor was then 
cooled to 25 ºC and the catalyst was exposed to ethylene (1 bar), H2 (6 bar) and CO (12 bar) in 
a 1:5:6 molar ratio for 1 h, while the reaction was monitored via the RGA. The reaction 
chamber was then heated to 80 ºC and held at constant temperature for 3 h before increasing 
the temperature to 120 ºC and holding at 120 ºC for a further 14 h. The production of 1-propanal 
and release of COD were followed by monitoring the mass fragments 58 and 54 respectively 
via the RGA, (see Figure 3.12). There was no production/release of 1-propanal or COD at 25 
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or 80 ºC, however there was noticeable production/release after the reaction temperature was 
increased to 120 ºC. COD evolution occurred immediately after the reaction temperature 
reached 120 ºC, followed by the gradual 1-propanal production, indicating for that COD must 
be first released from the pore of the framework before the reaction can progress. 1-Propanal 
production was modest, with the formation of 3.29 µmol after 14 h at 120 ºC, equivalent to a 
turn over number (TON = [mol (1-propanal produced)]/ [mol (catalyst)]) of 0.25. GC-FID data 
for this reaction was collected but the file was corrupted and so the reaction was repeated under 
the optimised reaction conditions (120 ºC) to enable quantification of other possible side 
reactions, such as hydrogenation. 
 
Figure 3.12: RGA data for the first trial ethylene hydroformylation reaction catalysed by 11µm-
50%ꞏ[Rh(COD)Cl] on the batch reactor, with 1-propanal (m/z 58, red) production and COD 
(m/z 54, blue) release and the reaction temperature (green) shown. 
Data for the repeat of the gas phase hydroformylation of ethylene by 11µm-
50%ꞏ[Rh(COD)Cl] at 120 ºC on the batch reactor is shown in Figure 3.13. The RGA data 
demonstrates a similar production of 1-propanal to the first trial, producing 3.10 µmol with a 
TON of 0.21, however there is a marked reduction in COD release. This could be due to 
hydrogenation or hydroformylation of either or both alkene groups of COD producing a 
number of side products such as; cyclooctane (m/z 55, 56), cyclooctene (m/z 54, 67), 
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cyclooctane-carboxaldehyde (m/z 55, 69), or cyclooctane-methanol (m/z 55, 69), see 
Schematic 3.4.36 Since all of these by-products have overlapping primary mass fragments, their 
production could not be quantified, however their presence in the gas mixture is indicated by 
an increase in the partial pressure for mass fragments 55 and 56 in the RGA (see Appendix 
3.10.4, Figure 3.A.20). Mass fragments 55 and 56 have higher partial pressures in the RGA in 
comparison to 54 (the primary fragment of COD), but the sensitivity of the RGA to these mass 
fragments has not been calibrated, and hence the presence of these mass fragments is only a 
qualitative measure of the hydroformylation/hydrogenation of COD.  
 
Figure 3.13: RGA data for the second ethylene hydroformylation reaction catalysed by 11µm-
50%ꞏ[Rh(COD)Cl] on the batch reactor, with 1-propanal (m/z 58, red) production and COD 
(m/z 54, blue) release and the reaction temperature (green) shown 
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Scheme 3.4: Proposed side reactions of 1,5’cyclooctadiene (I) under ethylene 
hydroformylation reaction conditions, catalysed by 11µm-50%ꞏ[Rh(COD)Cl] forming 
cyclooctene (II), cyclooctane (IIa), cyclooctane-carboxaldehyde (III) and cyclooctane-
methanol (IIIb). 
The product distribution of the second ethylene hydroformylation reaction catalysed by 
11µm-50%ꞏ[Rh(COD)Cl] was quantified by GC-FID after the 18 h reaction. Note, hydrogen and 
CO were not quantified by GC-FID, and hence further discussions will relate to ethylene 
conversion because ethylene was the limiting reagent in the hydroformylation reaction. 
Ethylene, ethane and 1-propanal were detected in the GC-FID and quantified as 30.5, 1.8 and 
1.0 µmol respectively. This indicates that hydrogenation of ethylene had occurred, and that the 
catalyst is not particularly active for the hydroformylation of ethylene. Additionally, there is a 
discrepancy between the amount of 1-propanal detected in the RGA vs GC-FID (by a factor of 
3.11) and in the number of ethylene equivalent molecules in the gas mixture (33.4 µmol) 
relative to the starting amount of ethylene (130.3 µmol). This discrepancy could be caused by 
substrate and product adsorption within the porous framework at low pressures, prior to 
injection of the gas mixture onto the column of the GC-FID, which would lower the observed 
concentrations of the reagents/products. UiO-67 has previously been shown to have a high 
affinity for ethane and propane, with adsorption capacities of 3.00 and 8.18 mmol/g 
respectively at STP.38 Ethylene, ethane and 1-propanal would likely have different affinities to 
the metalated framework, and ethylene/1-propanal can coordinate to vacant rhodium(I) sites 
within the framework, further complicating the quantification of the ethylene conversion via 
GC-FID.  
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To test this hypothesis, a qualitative desorption study was undertaken, whereby the 
reaction mixture vessel was evacuated to 10-7 bar briefly, dosed with a positive pressure of 
argon (1 bar) and then the gas mixture was analysed via RGA at 120 and 150 ºC, see Figure 
3.14. At 120 ºC there is a pronounced release of molecules corresponding to m/z 28 
(ethylene/ethane/CO), m/z 54 (COD) and m/z 58 (1-propanal), indicating release of guest 
molecules from within the framework of 11µm-50%ꞏ[Rh(COD)Cl] post catalysis. When the 
temperature was raised to 150 ºC, further evolution of ethylene/ethane/CO and COD was 
observed, but the amount of 1-propanal in the gas mixture gradually reduced over an hour at 
150 ºC. These results, while qualitative, confirm that gases in the reaction mixture are adsorbed 
by the MOF catalyst prior to GC-FID analysis. Hence, analysis of the product distribution of 
ethylene hydroformylation catalysed by a rhodium catalyst appended to UiO-67-bpydc is 
qualitative via GC-FID. As such, products ethane and 1-propanal will be henceforth discussed 
as percent contribution to the products in the gas mixture and the percent conversion of ethylene 
will be reported for all reactions.  
 
Figure 3.14: Qualitative desorption study of 11µm-50%ꞏ[Rh(COD)Cl] post-catalysis on the 
batch reactor, following the release of ethylene/ethane/CO (m/z 28), COD (m/z 54) and 1-
propanal (m/z 58), with the reaction temperature shown in green.  
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Prior to investigating the impact of particle size of the chosen MOF catalyst on the 
activity of ethylene hydroformylation, the activity of the other rhodium-appended MOF 
catalysts was tested. The progression of gas phase ethylene hydroformylation reactions 
catalysed by 11µm-50%ꞏ[RhCOD(acetone)2]BF4 and 11µm-50%ꞏ[Rh(acac)(CO)2] on the batch 
reactor were followed by RGA, see Appendix 3.10.4, Figure 3.A.21. For direct comparison to 
the activity of 11µm-50%ꞏ[Rh(COD)Cl], the 1-propanal production was normalised relative to 
the amount of rhodium in each catalyst as displayed in Figure 3.15 (see Appendix 3.10.5, Table 
3.A.1 for details about the calculations). 11µm-50%ꞏ[RhCOD(acetone)2]BF4 was the most active 
catalyst for ethylene hydroformylation, with 11µm-50%ꞏ[Rh(acac)(CO)2] and 11µm-
50%ꞏ[Rh(COD)Cl] demonstrating similar, but lower, initial activity for 1-propanal production, 
see Table 3.2. The initial activity is the turn over frequency (TOF = [mol (1-propanal 
produced)]/[mol (catalyst)] h-1) for the production of 1-propanal over the first 2 hours of 
activity.  Qualitative GC-FID analysis of the gas mixtures from each reaction demonstrates that 
all of the catalysts favour the hydrogenation of ethylene over hydroformylation, with the 
thermodynamic product, ethane, produced in excess in all instances. Additionally, 11µm-
50%ꞏ[Rh(acac)(CO)2] converted the most ethylene (60.8%) followed by 11µm-
50%ꞏ[RhCOD(acetone)2]BF4 (59.9%) and 11µm-50%ꞏ[Rh(COD)Cl] (8.9%), see Table 3.2. 
Post-hydroformylation, the catalysts were shown to retain crystallinity and SEM analysis 
revealed no surface defects for each of the samples (see Appendix 3.10.4, Figure 4.A.22). Since 
the most active catalyst for the hydroformylation of ethylene to 1-propanal was 11µm-
50%ꞏ[RhCOD(acetone)2]BF4, [RhCOD(acetone)2]BF4 was selected for the size effect 
investigation.  
Table 3.2: Summary of GC-FID data for ethylene hydroformylation catalysed by 11µm-50%; 




Contribution to products in 




11µm-50%ꞏ[RhCODCl] 8.3 63.9 36.1 0.03 
11µm-50%ꞏ[RhCOD(acetone)2]BF4 59.9 71.9 28.1 0.22 
11µm-50%ꞏ[Rh(acac)(CO)2] 60.8 97.3 2.7 0.03 
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Figure 3.15: Normalised 1-propanal production for each of the rhodium catalysts appended to 
11µm-50%; [Rh(COD)Cl] (blue),  [RhCOD(acetone)2]BF4 (magenta) and [Rh(acac)(CO)2] 
(green). Note, gaps in data for 11µm-50%ꞏ[RhCOD(acetone)2]BF4 arose from a communication 
issue between the RGA software and the RGA, the experiment was not affected by this issue, 
but no data was collected for short periods of time. 
 The effect of particle size of the UiO-67-bpydc support on ethylene hydroformylation 
with the optimal [RhCOD(acetone)2]BF4 catalyst was investigated by comparing the activity 
under optimised batch reactor conditions. The MOF supports used were 1100nm-50%, 11µm-50% 
and  110µm-50% metalated with [RhCOD(acetone)2]BF4 and will be henceforth denoted 
Rhꞏ1100nm-50%, Rhꞏ11µm-50% and Rhꞏ110µm-50% respectively. The metalation and rhodium 
content for each sample is tabulated in Appendix 3.10.5 Table 3.A.1, with each sample shown 
to have quantitative metalation with [RhCOD(acetone)2]BF4 via SEM/EDX analyses. The 
activity of each sample was directly compared, under the aforementioned optimised batch 
reactor conditions (Appendix 3.10.6, Figure 3.A.23). The normalised 1-propanal production 
for each of the catalysts is displayed in Figure 3.16. All of the different sized MOF catalysts 
displayed similar TOFs for 1-propanal, with the activity differing by only 0.07 h-1 between the 
most and least active samples, Rhꞏ11µm-50% and Rhꞏ110µm-50% respectively. Additionally, a 
sample of crushed Rhꞏ110µm-50% was also used for ethylene hydroformylation and displayed 
near identical 1-propanal production as Rhꞏ110µm-50%. These results indicate that the rate of 
1-propanal production is seemingly independent from the particle size of the MOF catalyst. 
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Figure 3.16: Normalised 1-propanal production from gas phase ethylene hydroformylation 
reactions catalysed by Rhꞏ1100nm-50% (red), Rhꞏ11µm-50% (blue), Rhꞏ110µm-50% (dark green) 
and crushed Rhꞏ110µm-50% (light green). 
The product distributions of the gas mixtures of all of the samples was also analysed 
via GC-FID after the reactions had been completed and the data displayed in Table 3.3. 
Interestingly, particle size has a dramatic impact on catalyst activity and product distribution 
upon analysis of the GC-FID results. There is an inverse relationship between particle size and 
percent ethylene conversion, with Rhꞏ1100nm-50% demonstrating the most conversion followed 
by Rhꞏ11µm-50% and Rhꞏ110µm-50%; 75.0, 59.9 and 20.8% respectively. This relationship is 
likely related to the availability of active sites. At smaller particle sizes there is a greater 
proportion of readily available surface active sites, which results in higher overall ethylene 
consumption. Whereas with increased particle size, there is a greater proportion of internal 
active site, to which access is diffusion dependent, resulting in proportionally reduced ethylene 
consumption. The trend observed matches the predicted impact of decreasing particle size, i.e. 
increased overall activity through greater access to active sites, as discussed in the introduction. 
Additionally, the selectivity of the catalyst for hydroformylation vs hydrogenation of ethylene 
is seemingly also affected by catalyst size. 
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Degradation was not observed for any of the catalyst samples used upon examination 
of the long range order (crystallinity) and the crystal surface (morphology). Post-catalysis no 
reduction in crystallinity was observed for Rhꞏ1100nm-50%, Rhꞏ11µm-50% and Rhꞏ110µm-50% 
with their respective PXRD patterns matching the powder pattern of simulated UiO-67-bpydc 
(Appendix 3.10.6, Figure 3.A.24). Similarly, no alterations to crystal morphology were 
observed post-catalysis for any of the samples by SEM (Appendix 3.10.6, Figure 3.A.25). The 
robust nature of these catalysts results from the stability of the scaffold UiO-67-bpydc to the 
reaction conditions. As such, this study underlines the capacity of MOFs to stabilise and 
heterogenize molecular catalysts for reactions such as hydroformylation/hydrogenation.  
Table 3.3: Summary of GC-FID data for ethylene hydroformylation catalysed by Rhꞏ1100nm-
50%, Rhꞏ11µm-50% and Rhꞏ110µm-50%.  
Catalyst 




Contribution to products in 




Rhꞏ1100nm-50% 75.0 75.5 24.5 0.17 
Rhꞏ11µm-50% 59.9 71.9 28.1 0.22 
Rhꞏ110µm-50% 20.8 42.7 57.3 0.15 
The selectivity of the rhodium(I) catalyst varied with framework particle size, as 
displayed in Table 3.3. Decreasing particle size resulted in the catalyst favouring ethylene 
hydrogenation over hydroformylation, with the inverse trend was observed at larger particle 
sizes. As mentioned previously, the selectivity of rhodium(I) catalysts can be tuned through 
control of reaction conditions, with typically higher pressures, moderate reaction temperatures 
and high reactant concentrations favouring hydroformylation over hydrogenation. More 
specifically, high CO concentration at the active site disfavours hydrogenation, see Scheme 
3.2. This is described as kinetic control because hydroformylation is the kinetically favoured 
reaction. The reaction conditions for each experiment were identical in regard to reagent ratios, 
reaction temperature and initial pressure. The independent variable in these experiments was 
the MOF catalyst particle size. As stated above, varying particle size changes two factors; the 
surface to volume ratio (availability of surface to internal active sites) and the diffusion time 
through the framework. Larger particle sizes will have proportionally more internal than 
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external catalytically active sites and longer diffusion times than for smaller particles sizes. 
Hence, the activity could be influenced more significantly by pore-confinement effects such as 
the pre-concentration of reactants at internal active sites for larger particle sizes. 
In order to quantify the internal surface areas of each of the particle sizes N2 77 K 
adsorption isotherms were collected on all three samples, post activation from acetone (see 
experimental section 3.8). The isotherms for all three samples exhibited Type 1 characteristics, 
with high N2 uptake at low partial pressures, indicative of microporosity (see Figure 3.A.26). 
38 The total uptake of N2 was lower for Rhꞏ1100nm-50% in comparison to Rhꞏ11µm-50% and 
Rhꞏ110µm-50%, with the corresponding BET surface areas of 603 ± 3, 1060 ± 4 and 1124 ± 4 
m2/g (see Table 3.4). The pore-size distribution (calculated via DFT N2 model) of the metalated 
samples was very similar, but was there was a shift to smaller pore sizes relative to the bare 
framework due to the rhodium(I) catalyst occupying space within the pores of the crystals (see 
Figures 3.4 and 3.A.26). Hence, the metalated samples retained permanent porosity, and guest 
molecules can likely access active sites within the crystals. The geometric external surface area 
of each size regime (m2/g) was also calculated (see Appendix 3.10.7) and the ratio of internal 
to external surface areas are displayed in Table 3.4. This data indicates that there is a 
significantly higher proportion of internal surface area to external surface area for larger 
crystals relative to smaller crystals, in fact there is a 617 fold difference in the ratio of internal 
to external surface area between Rhꞏ1100nm-50% and Rhꞏ110µm-50%. 
Table 3.4: Internal (BET from Figure 3.A.26) and external (calculated in Appendix 3.10.7) 
surface areas for Rhꞏ1100nm-50%,  Rhꞏ11µm-50%, and Rhꞏ110µm-50%. 






Internal : External 
Surface Area 
Rhꞏ1100nm-50% 603 ± 3 892.0 0.678 
Rhꞏ11µm-50% 1060 ± 4 54.9 19.29 
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Pre-concentration, or differential absorption, is a well-known phenomenon within 
micro-porous materials, whereby the selective adsorption of guests/reactants increases their 
local concentration (within the MOF pores) relative to the surrounding environment. Increasing 
the local concentration of guests/reactants has been shown to enhance the activity of MOF 
catalysts and their sensitivity as selective sensors.71-73 UiO-67 has previously shown high 
affinity for short chain hydrocarbons (C1-C3),38, 74 the capacity for high pressure storage of 
hydrogen gas,75 and particle size controlled release of CO.27 Whilst adsorption studies for H2, 
CO and ethylene have not been explicitly studied under the specific catalytic conditions used, 
as described above, there is however precedence to suggest that the metalated framework could 
adsorb and pre-concentrate these reactants. If this indeed occurs, it may explain the observed 
selectivity trends, whereby increasing the local concentration of reactants at active sites within 
the pores of the MOF potentially affords kinetic control favouring hydroformylation over 
hydrogenation for larger particle sizes. In this circumstance, larger crystals, having more 
internal active sites available than external ones, could have a greater proportion of internal 
catalysis occur than smaller particle sizes. As such, pore confinement effects may play a larger 
role in dictating reaction selectivity for larger particle sizes than smaller ones. Unfortunately, 
it is difficult to deconvolute internal and external catalysis for the catalytic system used, and as 
such any discussion is somewhat speculative without further experiments. Indeed, this 
prompted further studies as outlined in Chapter 4, aiming to investigate the impact of active 
site location within MOFs on catalyst selectivity and stability. 
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3.7. Summary 
 In summary, the impact of the particle size of a robust MOF catalyst on the 
activity/selectivity for the gas phase hydroformylation of ethylene to 1-propanal has been 
examined. In this study, crystal engineering techniques, such as coordination modulation, were 
used to synthesise Zr-MOF UiO-67-bpydc at discrete size regimes 100 nm, 1 µm  and 10 µm 
and ligand loadings (25-100%). The PSMet of 11µm-50% was subsequently investigated with 
rhodium complexes including: [Rh(CO)2Cl]2, [Rh(CO)2Cl]BF4, [RhCODCl]2, 
[RhCOD(acetone)2]BF4 and [Rh(acac)(CO)2]. The catalytic activity of the latter three 
complexes embedded within the MOF supports was examined, and the most active catalyst for 
1-propanal production,  [RhCOD(acetone)2]BF4, was selected for the size dependent activity 
study. In terms of hydroformylation, there was no significant difference in 1-propanal 
production between the three different sized MOF supports. However, MOF particle size was 
shown to greatly influence the selectivity of the appended catalyst for hydrogenation versus 
hydroformylation. Smaller particles sizes displayed high ethylene conversion (75%) and 
favoured hydrogenation over hydroformylation, with the inverse observed for larger particle 
sizes. Active site location, reactant diffusion  and pore confinement effects must therefore play 
an important role in the selectivity of MOF catalysis. This study highlights how control over 
the particle size of MOF catalysts can be used to tune to their activity/selectivity for certain 
reactions and emphasises that catalyst isolation within the pores of the framework can lead to 
unique reaction selectivity resulting from pore-confinement of reactants. 
 This work could be extended to further study pore-confinement effects for 
hydroformylation reactions by using longer chain alkenes. The selectivity for hydroformylation 
of different isomers could therefore be examined. To reliably investigate this, MOF scaffolds 
with greater control over active site location (at the interior/exterior of the crystals) would  need 
to be synthesized, since this study would necessitate isolation of the catalytic activity within 
the pores of the framework (and not at the surface). The impact of active site location with 
MOF catalysts was specifically investigated in Chapter 4. 
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3.8. Experimental 
3.8.1. Materials and Measurements 
 Unless otherwise stated, all chemicals were obtained from commercial sources and used 
as received. MeCN was distilled over CaH2 under N2 and degassed with Ar prior to use. NMR 
spectra were recorded on a Varian 500 MHz spectrometer at 23 ºC using a 5 mm probe. MOF 
samples (5 – 10 mg) were digested in DCl/d6-DMSO (2 drops of DCl/ 600 µl d6-DMSO) at 85 
°C, stirred at 500 rpm for 30 min – 1 h, or until fully dissolved, prior to NMR analysis. Infrared 
spectra were collected on a Perkin-Elmer Spectrum 100 using a UATR sampling accessory 
(cm-1 = 750 – 4000), with dry samples loaded on NaCl disks in Paratone-N oil. Powder X-ray 
diffraction data were collected on a Bruker Advanced D8 diffractometer (capillary stage) using 
Cu Kα radiation (λ = 1.54056 Å, 40 kW/ 40 mA, 2θ = 2 – 52.94°, Phi rotation = 20 rotation/min 
at 1 sec exposure per step, with 5001 steps using 0.5 mm glass capillaries). Scanning Electron 
Microscope (SEM) images were collected on a Phillips XL30 scanning electron microscope in 
secondary electron mode, (spot size 3 and 10 KeV). Electron Dispersive X-ray Analysis was 
collected with an Oxford Instruments Ultim Max 170 EDX attachment on the Phillips 
XL30/Quanta 450 (spot size 4, 15 KeV). Samples for SEM analysis were dry loaded onto 
adhesive carbon tabs on aluminium stubs and carbon coated (5 nm) prior to analysis.  
3.8.2. Synthetic Methods 
2,2’-Bipyridine-5,5’-dicarboxylic acid (bpydc) 
 This compound was prepared according to a literature procedure with minor 
alterations.76 5,5’-Dimethyl-2,2’-bipyridine (5.00 g, 16.60 mmol) and KMnO4 (21.01 g, 133.04 
mmol, 8 eq.) were added to 200 mL of water. The resulting mixture was heated at 100 ºC for 
24 h. The reaction was cooled to room temperature then filtered over Celite to remove excess 
brown precipitate and the filtrate was extracted with diethyl ether (3 × 50 mL). The aqueous 
layer was then acidified to pH 2 with HCl (1 M) whilst stirring. The greenish white precipitate 
was collected by vacuum filtration and washed with diethyl ether (100 mL) and dried to give 
crude 2,2’-bipyridine-5,5’-dicarboxylic acid. The crude product was dispersed in 50 % HNO3 
(140 mL) and the solution was heated at 130 ºC for 1-2 h. The reaction mixture was cooled to 
room temperature then poured over approximately 50 – 70 g ice and stirred for 20 min. The 
white precipitate was collected by vacuum filtration and washed with diethyl ether (100 mL) 
and oven dried (100 ºC for 1 h) to give pure 2,2’-bipyridine-5,5’-dicarboxylic acid (3.73 g, 
15.29 mmol, 92 %). 1HNMR data was consistent with previous reports.76 1HNMR (500 MHz, 
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d6-DMSO): δ = 8.45 (dd, J = 8.3, 2.2 Hz, 2H), 8.57 (d, J = 8.3 Hz, 2H) and 9.20 ppm (d, J = 
2.2 Hz, 2H). 
UiO-67-bpydc synthetic protocols:  
MOF synthesis with basic additives 
Zirconium chloride (ZrCl4, 24.5 mg, 0.105 mmol), 2,2’bipyridyl 5,5’-dicarboxylic acid 
(bpydc, 26 mg, 0.105 mmol, 1 eq.) were added to a 20 ml screw cap Wheaton vial (Teflon 
capped), DMF (5 ml) was added and the solution was sonicated for 10 mins or until fully 
dispersed. The solution was then stirred at 6000 rpm at room temperature and a basic additive 
(1 eq., 0.105 mmol, see below) was added to the solution, which was left to stir for a further 
16 h. The resultant suspensions were cooled to room temperature and the white precipitates 
were collected via centrifugation at 14,000 rpm, washed with DMF (2×10 ml) and THF(4×10 
ml) and dried in a vacuum desiccator for 1 h prior to SEM analysis. 
The basic additives used included: sodium formate (7.14 mg), sodium acetate (8.61 
mg), sodium hydroxide (0.05 ml, 2M), triethylamine (14.0 µl), n-butylamine (10.3 µl) and tert-
butylamine (11 µl). All of the bases were added as 1 equivalent relative to the ligand i.e. 0.105 
mmol. 
MOF synthesis with acidic additives 
ZrCl4 (24.5 mg, 0.105 mmol), bpydc (26 mg, 0.105 mmol) and 30 equivalents of acid 
modulator (glacial acetic acid or benzoic acid, 0.2 ml and 384.7 mg respectively, 3.15 mmol, 
30 eq.) were added to a 20 ml screw cap Wheaton vial (Telfon capped), DMF (10 ml) was 
added and the solution was sonicated until dissolved/fully dispersed (10 - 30 min sonication). 
The solutions were then heated in a preheated oven for 24 h at 120 ºC. The resulting white 
suspension was allowed to cool to room temperature, then it was centrifuged at 14,000 rpm 
then washed with DMF (2×10 ml) and THF (4×10 ml) resulting in a white microcrystalline 
powder.  
1100nm  
ZrCl4 (21 mg, 0.09 mmol) and bpydc (22 mg, 0.09 mmol) were dissolved in DMF (30 
ml) and sonicated for 10 minutes or until fully dissolved. Glacial acetic acid (618 µl, 10.8 
mmol, 120 eq.) was then added to this solution which was then separated into three 20 ml screw 
cap Wheaton vials (Teflon capped, 10 ml in each) and then heated in an oven for 24 h at 120 
ºC. The resulting white suspension was allowed to cool to room temperature, then it was 
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centrifuged at 14,000 rpm then washed with DMF (2×10 ml) and THF(4×10 ml) resulting in a 
white microcrystalline powder.  
11µm 
ZrCl4 (24.5 mg, 0.105 mmol), bpydc (26 mg, 0.105 mmol) and benzoic acid (384.7 mg 
3.15 mmol, 30 eq.) were added to a 20 ml screw cap wheaton vial (Teflon capped), DMF (10 
ml) was added and the solution was sonicated until dissolved/fully dispersed (10 - 30 min 
sonication). The solution was heated in a pre-heated oven for exactly 24 h at 120 ºC. The 
resulting white suspension was allowed to cool to room temperature, then it was centrifuged at 
9,000 rpm then washed with DMF (2×10 ml) and THF (4×10 ml) resulting in a white 
microcrystalline powder.  
110µm 
ZrCl4 (46.5 mg, 0.200 mmol), bpydc (48 mg, 0.200 mmol) and benzoic acid (750 mg, 
6.14 mmol, 30 eq.) were dissolved in dimethylacetamide (DMA, 10 ml), in a 20 ml screw cap 
wheaton vial (Teflon capped), and the solution was heated in an oven for 72 h at 140 ºC. The 
resulting crystals on the sides of the container were washed DMA (2×10 ml) and THF (4×10 
ml) resulting in pure single crystals of UiO-67-bpydc. 
Variations to these synthetic conditions include changing the reaction vessels to 30 ml 
Teflon lined vials housed in a stainless steel autoclave.  
UiO-67-bpydcX-bpdc6-X synthetic protocols: 
Mixed ligand solvothermal synthesis of UiO-67 with bpydc and bpdc using protocols 
1100nm, 11µm and 110µm was achieved by simply varying the molar ratio of the two ligands for 
each protocol, whilst maintaining the same total molar amount of ligand (as stipulated above). 
For example, in order to synthesise 11µm-50% a 1:1 ratio of bpydc to bpdc was used i.e. 52.5 
µmol of each ligand to reach a total of 0.105 mmol for the reaction. The same process was 
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PSMet with Rhodium Complexes: 
[RhCOCl]2 
 [RhCOCl]2 (32.0 mg, 82.3 µmol) was dissolved in freshly distilled MeCN (4 ml) and 
the solution was degassed with N2 for 5 minutes prior to the addition of a dried sample of UiO-
67-bpydc (10-30 mg, solvent exchanged from distilled MeCN and dried under vacuum for 1 
h). The vial was degassed for a further 5 min with N2 and stored in darkness at room 
temperature overnight. The solution was removed, and the maroon coloured MOF crystals were 
solvent exchanged with distilled MeCN (×7) and stored at room temperature until ready for 
analysis. 
[RhCOCl]BF4 
[RhCOCl]2 (32.0 mg, 82.3 µmol, 1 eq.) and NaBF4 (36.1 mg, 0.33 mmol, 4 eq.) were 
dissolved in freshly distilled MeCN (4 ml), and the solution was degassed with N2 for 5 minutes 
prior to the addition of a dried sample of UiO-67-bpydc (10-30 mg, solvent exchanged from 
distilled MeCN and dried under vacuum for 1 h). The vial was degassed for a further 5 min 
with N2 and stored in darkness at room temperature overnight. The solution was removed, and 
the yellow/orange coloured MOF crystals were solvent exchanged with distilled MeCN (×7) 
and stored at room temperature until ready for analysis. 
[RhCODCl]2 
[RhCODCl]2 (41.7 mg, 84.6 µmol) was dissolved in freshly distilled MeCN (4 ml) and 
the solution was degassed with N2 for 5 minutes prior to the addition of a dried sample of UiO-
67-bpydc (10-30 mg, solvent exchanged from distilled MeCN and dried under vacuum for 1 
h). The vial was degassed for a further 5 min with N2 and stored in darkness at room 
temperature overnight. The solution was removed, and the orange/red coloured MOF crystals 
were solvent exchanged with distilled MeCN (×7) and stored at room temperature until ready 
for analysis. 
[RhCOD(acetone)2]BF4 
 [RhCODCl]2 (36.4 mg, 73.8 µmol, 1 eq.) was dissolved in acetone (10 ml) and the 
solution was degassed with Ar for 5 min. To this solution AgBF4 (29.1 mg, 147.2 µmol, 2 eq.) 
was added, and the solution was stirred 2 h under an atmosphere of Ar in darkness. The solution 
was filtered via a canula with a cotton wool plug and filter-paper into a separate vial with 
positive Ar pressure, then degassed with Ar and stored under Ar at 3 ºC until the solution was 
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used for metalation. A dried sample of UiO-67-bpydc (10-30 mg, solvent exchanged from 
distilled acetone and dried under vacuum for 1 h) was added to the [RhCOD(acetone)2]BF4 
solution (4 ml). The vial was stored under darkness overnight. The solution was removed, and 
the red MOF crystals were solvent exchanged with acetone (×7) and stored at room temperature 
until ready for analysis. 
[Rh(acac)(CO)2] 
[Rh(acac)(CO)2] (21.8 mg, 84.6 µmol) was dissolved in dry DCM (4 ml) and the 
solution was degassed with N2 for 5 minutes prior to the addition of a dried sample of UiO-67-
bpydc (10-30 mg, solvent exchanged from dry DCM and dried under vacuum for 1 h). The vial 
was degassed for a further 5 min with N2 and stored in darkness at room temperature overnight. 
The solution was removed, and the orange/red coloured MOF crystals were solvent exchanged 
with dry DCM (×7) and stored at room temperature until ready for analysis. 
Samples were analysed via SEM/EDX and via ICP-MS post HNO3 digestion to analyse 
the Rh:Zr ratio. Additionally, the samples which were analysed via IR spectroscopy were dried 
under reduced pressure in a desiccator for 1 h, then crushed and placed between NaCl disks 
with Nujol for analysis. 
CO Bubbling experiments  
A sample of 11µm-50% metalated with [RhCODCl]2 (approximately 15 mg, dried) were 
solvated in distilled MeCN (4 ml) in a 5 ml glass screw-cap vial. CO was bubbled through the 
solution for 1 h (all CO bubbling experiments were conducted in the fume hood), after which 
the vial was sealed and stored in darkness. An aliquot of the CO bubbled sample was removed 
(approximately 1/3 of the sample) at increments of 10 min, 1 and 24 h post CO exposure, and 
centrifuged at 14,000 rpm. The solution was then removed, and the sample was dried under 
reduced pressure in a desiccator for 1 h prior to IR analysis (see above).  
3.8.3. Inductively coupled plasma mass spectrometry  
 Inductively coupled plasma mass spectrometry was performed on a Solution 7500CS 
ICPMS spectrometer at Adelaide microscopy on samples in a 5% HNO3 matrix in MilliQ 
water. Samples of were digested in a triplicate in analytical grade 70% HNO3 in MilliQ water 
(2 ml) at 65 ºC for 16 h in 5 ml polyethylene capped polypropylene vials. The solution was 
then cooled to room temperature and the yellow/orange solutions were opened under a fume-
hood to remove the volatile and toxic NOx by-products. The solution was diluted with MilliQ 
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water (2 ml) and filtered through a 0.45 µm cellulose acetate filter and 50 µl further diluted in 
5 ml of MilliQ and analysed via ICPMS.  
3.8.4. Gas Adsorption Analysis 
Activation Protocol: 
 In a typical activation procedure, crystals of UiO-67-bpydc were solvent exchanged 
with DMF (10 ml × 5) over a 1-day period and the distilled MeCN (10 ml × 5) over a 1-day 
period. The samples were then dried in a desiccator for 1 h then transferred into sorption 
analysis tubes. The samples were then dried under a vacuum at 150 ºC for 3 h to yield activated 
samples. 
Gas Adsorption Measurements: 
 Gas adsorption isotherms were measured using volumetric methods on a micromeritics 
3-Flex analyser (Micromeritics Instrument Corporation, Norcross, GA, USA) at 77 K (using a 
cryo-cooler circulator). Brunauer-Emmett-Teller (BET) surface areas were calculated using 
experimental points at relative pressure of P/P0 = 0.05-0.25. Pore size distributions were 
calculated from N2 using DFT modelling software on a Micromeritics 3-Flex analyser. UHP 
grade (99.999 %) N2 was used for all measurements. 
3.8.5. Catalysis Experiments 
Batch Instrumentation: 
 Batch gas phase catalytic experiments were carried out using a custom-built high 
temperature and high-pressure pulse-gas sampling equipment coupled with a mass 
spectrometer for real-time analysis of the reaction mixture.77 The batch reaction cell has an 
internal volume of 3.26 mL and is in direct contact with a copper block containing a 100 W 
heater cartridge controlled by a proportional-integral derivative (PID) temperature controller 
(CAL Controls, Cal 3300) and K-type thermocouple attached to the side of the cell. The 
pressure in the batch reaction cell is monitored by a piezoresistive manometer (Keller, Leo 
Record series, 30 bar range). The cell is connected to a pulsed nozzle (Parker, Series 9 Pulse 
Valve) which is used to pulse controlled amounts of gas from the reaction cell via a 1/16" 
stainless steel tube into the vacuum system, comprised of a residual gas analyser (RGA) for 
sampling of the gas mixture (vide infra). The pulsed nozzle is driven by a custom-built pulsed 
nozzle driver connected to the acquisition computer and controlled by LabVIEW software. 
Typical pulse rates range from 0.3 to 20 Hz with a pulse width of 29 to 34 ms and is controlled 
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in real-time via a PID software controller in the LabVIEW code. This controller allows precise 
regulation of the amount of gas being delivered, while maintaining a constant pressure level in 
the vacuum system (typically 2.00×10−6 Torr) to allow for reliable operation of the RGA at 
calibrated pressures. The gas phase reaction mixture can also be analysed using a gas 
chromatograph (SRI-8610C model) which is directly connected to the reaction cell. 
RGA: 
 Gas mixtures are analysed by an RGA (Stanford Research Systems, RGA200) which is 
housed in a vacuum chamber with an electron multiplier, controlled via Stanford Research 
Systems RGA software for data collection. Pressure is measured by a Bayard-Alpert ionisation 
gauge with a tungsten filament (Duniway, T-CFF-275) monitored via a combined ion and 
thermocouple controller (Agilent Technologies, XGS-600). The system is pumped via an oil-
free turbo-pump (Agilent TwisTorr 84FS) backed by a rotary vane pump (Edwards, E2M8) 
with an oil trap (Duniway IFT-NW25-4).  
Calibrations: 
The m/z 58 peak used to quantify the production of 1-propanal was calibrated using a 
CO2/1-propanal mixture of 0.32 bar 1-butene and 9.68 bar CO2 with a total pressure of 10.00 
bar in the reaction cell.  The m/z 54 peak used to quantify the production of COD was calibrated 
using a COD/N2 mixture of 0.023 bar of COD and 3.635 bar of N2 with a total pressure of 
3.658 bar in the reaction cell. 
Gas Chromatography: 
 Gas chromatography analyses were carried out with an SRI-8610C (MG#3) instrument 
with FID detector with methaniser. The first chromatographic column was a S.S. molecular 
sieve 13X packed column (6' length, 1/8" O.D.) followed by a S.S. Haye Sep D packed column 
(6' length, 1/8" O.D.) with argon as the carrier gas. Initial oven temperature was 50 °C held for 
5 minutes, followed by a ramp at 20 °C/min to 250 °C and held for 6 minutes. Injection port 
temperature was 60 °C, and methaniser was 300 °C. Pressure of was initially held at 3 PSI for 
0.03 min, increased to 20 PSI and held for 2 min, then further increased to 40 PSI and held for 
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Hydroformylation reaction conditions: 
Dried Rhꞏ11µm-50% (1µm-UiO-67-bpydc0.5bpdc0.5ꞏ[Rh(COD)(acetone)2]BF4, 11.4 mg, 
9.6 µmol Rh) was loaded into a stainless-steel sample holder capped by a VCR gasket with a 
0.5 µm filter and placed in the batch reactor cell. After sealing the reaction cell, the sample was 
evacuated for 1 h under high vacuum, then the sample was activated by heating to 100 °C under 
high vacuum for 24 h. Once the reaction cell cooled to room temperature (25 °C) ethylene was 
introduced into the reaction cell (1 bar), followed by H2 (6 bar) and CO (12 bar). The reaction 
was continuously monitored immediately after the gasses were introduced by pulsing a small 
amount of gas (2.00×10−6 Torr) into the vacuum chamber. The reaction was left at room 
temperature for 2 h, then heated at 120 °C for 16 h. The reaction was then stopped, and the 
gaseous reaction mixture was analysed via gas chromatography. 
 This experimental procedure was repeated with the other catalysts, the sample mass and 
rhodium loading are listed in Table 3.A.1 in Appendix 3.10.5. 
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3.10. Appendix 
3.10.1. Crystal Size Analysis of Single UiO-67-bpydc Crystals  
 
Figure 3.A.1: SEM images of UiO-67-bpydc synthesised at room temperature with a ligand to 
base ratio of 1:1 using basic additives a) sodium formate, b) sodium acetate, c) sodium 
hydroxide, d) triethylamine, e) n-butylamine and f) tert-butylamine.  
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Figure 3.A.2: SEM images of UiO-67-bpydc synthesised with 30 equivalents of benzoic acid 
at 120 ºC for a)-b) 1, d)-e) 2, g)-h) 3 and j)-k) 4 days, with size distributions of the crystal 
diameter for c) 1, f) 2, i) 3 and l) 4 days, respectively. 
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Figure 3.A.3: SEM images of UiO-67-bpydc synthesised with 30 equivalents of glacial acetic 
acid at 120 ºC for a)-b) 1, d)-e) 2, g)-h) 3 and j)-k) 4 days, with size distributions of the crystal 
diameter for c) 1, f) 2, i) 3 and l) 4 days, respectively. 
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Figure 3.A.4: PXRD patterns of UiO-67-bpydc synthesised with 30 equivalents of a) benzoic 
acid (BA) and b) acetic acid (AA) over 1-4 days, plotted in comparison to a simulated pattern 
of UiO-67-bpydc (black).  
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Figure 3.A.5: a)-b) SEM images of UiO-67-bpydc synthesised with 120 equivalents of glacial 
acetic acid at 120 ºC for 1 day in Teflon lined vials and c) the corresponding size distribution 
of crystal diameter. 
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Figure 3.A.6: a)-b) SEM images of UiO-67-bpydc synthesised with 120 equivalents of glacial 
acetic acid at 120 ºC for 1 day in glass vials and c) the corresponding size distribution of crystal 
diameter. 
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Figure 3.A.7: PXRD patterns of UiO-67-bpydc synthesised with 120 equivalents of acetic acid 
(AA) in Teflon lined vials (blue) and glass vials (purple), plotted in comparison to a simulated 
pattern of UiO-67-bpydc (black). 
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Figure 3.A.8: a)-b) SEM images of UiO-67-bpydc synthesised 30 equivalents of benzoic acid 
(BA), in DMA at 140 ºC for 3 days (110µm) and c) the corresponding size distribution of crystal 
diameter.  
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Figure 3.A.9: PXRD pattern of UiO-67-bpydc synthesised with 30 equivalents of benzoic acid 
(BA), in DMA at 140 ºC for 3 days (110µm, grey), plotted in comparison to a simulated pattern 
of UiO-67-bpydc (black). 
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3.10.2. Characterisation of Ligand dilution for 1100nm, 11µm and 110µm 
 
Figure 3.A.10: 1H NMR spectra of DCl/DMSOd6 digested samples of UiO-67 with varied 
H2bpydc loadings synthesised under solvothermal conditions 11µm (a) and 110µm (b); 25%, 50%, 
75% and 100%. The chemical shifts for ligands H2bpydc and H2bpdc are highlighted in red 
and blue, respectively. Note the chemical shifts of proton signals of  H2bpydc subtly change 
with acid concentration due to the protonation of the pyridyl nitrogens in the ligand during the 
DCl/DMSOd6 digestion. 
  
Chapter 3   
- 144 - 
 
 
Figure 3.A.11: SEM images a) 11µm-25%, b) 11µm-50%, c) 11µm-75%, d) 11µm-100%, e) 110µm-
50% and f) 110µm-100%. 
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Figure 3.A.12: Crystal diameter distributions for a) 1100nm-25%, b) 1100nm-50%, c) 1100nm-75%, 
d) 11µm-25%, e) 11µm-50%, f) 11µm-75%, g) 11µm-100% and h) 110µm-50%. Crystal size 
distributions for 1100nm-100% and 110µm-100% can be found in Figures 3.A.6 and 3.A.8 
respectively.  
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Figure 3.A.13: PXRD patterns of UiO-67-bpydc; simulated (black), 11µm-25% (purple), 11µm-
50% (dark blue), 11µm-75% (blue) and 11µm-100% (dark cyan). 
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Figure 3.A.14: PXRD patterns of UiO-67-bpydc; simulated (black), 110µm-50% (dark green) 
and 110µm-100% (light green). 
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3.10.3. Characterisation PSMet UiO-67-bpydc 
 
Figure 3.A.15: PXRD patterns of simulated UiO-67-bpydc (black) and samples of 11µm-25%, 
11µm-50%, 11µm-75% and 11µm-100% metalated with [Rh(CO)2Cl]2 which forms the complex 
[Rh(bpydc)(CO)2][Rh(CO)2Cl2] within the MOF. 
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Figure 3.A.16: SEM images of a) 11µm-25%ꞏ[Rh(CO)2][Rh(CO)2Cl2], b) 11µm-
50%ꞏ[Rh(CO)2][Rh(CO)2Cl2], c) 11µm-75%ꞏ[Rh(CO)2][Rh(CO)2Cl2] and d) 11µm-
100%ꞏ[Rh(CO)2][Rh(CO)2Cl2]. 
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Figure 3.A.17: PXRD patterns of simulated UiO-67-bpydc (black) and samples of 11µm-50% 
metalated with [Rh(CO)2]BF4 (red), [RhCODCl] (blue), [RhCOD(Acetone)2]BF4 (purple) and 
[Rh(acac)(CO)2] (green). 
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Figure 3.A.18: SEM images of a) 11µm-50%ꞏ[Rh(CO)2]BF4, b) 11µm-50%ꞏ[RhCODCl], c) 11µm-
50%ꞏ[RhCOD(acetone)2]BF4 and d) 11µm-50%ꞏ[Rh(acac)(CO)2]. 
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3.10.4. Screening Rhodium Ethylene Hydroformylation Catalysts 
 
 
Figure 3.A.19: Schematic representation of the batch reactor used during catalytic testing. 
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Figure 3.A.20: RGA partial pressures (Torr) of mass fragments 54, 55 and 56 for the second 
ethylene hydroformylation reaction catalysed by 11µm-50%ꞏ[Rh(COD)Cl]. Indicating the 
hydroformylation and hydrogenation of COD under reaction conditions. 
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Figure 3.A.21: 1-Propanal production for each of the rhodium catalysts appended to 11µm-50%; 
[Rh(COD)Cl] (blue),  [RhCOD(acetone)2]BF4 (magenta) and [Rh(acac)(CO)2] (green). Note, 
gaps in data for 11µm-50%ꞏ[RhCOD(acetone)2]BF4 arose from a communication issue between 
the RGA software and the RGA, the experiment was not affected by this issue, but no data was 
collected for short periods of time. 
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Figure 3.A.22: SEM of images of a) 11µm-50%ꞏ[Rh(COD)Cl], b) 11µm-
50%ꞏ[RhCOD(acetone)2]BF4 and c) 11µm-50%ꞏ[Rh(acac)(CO)2] post-catalysis, and d) the 
corresponding PXRD patterns compared to the simulated pattern of UiO-67-bpydc. 
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3.10.5. Calculations of Rhodium Content 
The molecular formula for each sample is determined by combining 1H NMR 
spectroscopy data with elemental analysis of Rh:Zr ratio via EDX. 1H NMR spectroscopy data 
provides the H2bpydc:H2bpdc ratio of the sample in the bulk, enabling assignment of x and y 
in the molecular formula Zr6(OH)4O4(bpydc)x(bpdc)y, x + y = 6 because there are 6 ligands per 
Zr node in the framework. Elemental analysis of the MOF samples gives the Rh:Zr ratio 
(Rhratio), hence the amount of Rh associated with the formula equals Rhratio × 6 as there are 6 
Zr atoms in the formula. The molecular weight (MW) for the repeating unit of the metalated 
MOF can be calculated (MWPS-met) by adding the MW of the bare framework with Rhratio × 6 × 
MW(Rh complex). The number of milli-moles of the repeating unit per mg of sample can be 
calculated by dividing 1 by MWPS-met and this can be converted to µmol (repeating unit)/mg 
(sample) by multiplying by 1000. The number of moles of the rhodium catalyst per mg of 
sample can be calculated by multiplying this value by Rhratio × 6. And subsequently the moles 
of rhodium catalyst in each sample is calculated by further multiplying by the mass of the 
sample used. A summary of the µmol of rhodium catalyst in each of the samples reported in 
Chapter 3 is outlined in Table 3.A.1. 
Table 3.A.1: Summary of Rh content in catalysts used for hydroformylation reactions. 




Rh catalyst in 
sample (µmol) 
11µm-50%ꞏ[RhCODCl] 47.0 ± 0.3 15.2 15.2 
11µm-50%ꞏ[RhCOD(acetone)2]BF4 45.4  ± 0.5 11.4 9.6 
11µm-50%ꞏ[Rh(acac)(CO)2] 30.0  ± 0.5  14.9 10.6 
Rhꞏ1100nm-50% 43.8 ± 0.5 10.4 8.5 
Rhꞏ11µm-50% 45.4  ± 0.5 11.4 9.6 
Rhꞏ110µm-50% 44.5 ± 1.1  5.0 4.2 
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3.10.6. Size Effects on Ethylene Hydroformylation Catalysis 
 
Figure 3.A.23: 1-propanal production from gas phase ethylene hydroformylation reactions 
catalysed by Rhꞏ1100nm-50% (red), Rhꞏ11µm-50% (blue), Rhꞏ110µm-50% (dark green) and 
crushed Rhꞏ110µm-50% (light green). The displayed rates were calculated from the first 2 hours 
of 1-propanal production for each catalyst. 
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Figure 3.A.24: PXRD patterns of simulated UiO-67-bpydc (black), Rhꞏ1100nm-50% (red), 
Rhꞏ11µm-50% (blue) and Rhꞏ110µm-50% (dark green), post-catalysis.  
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Figure 3.A.25: SEM images of a) Rhꞏ1100nm-50%, b) Rhꞏ11µm-50%, c) Rhꞏ110µm-50% and d) 
crushed Rhꞏ110µm-50%, post-catalysis. 
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Figure 3.A.26: a) 77 K N2 isotherms and b) pore-size distributions of  Rhꞏ1100nm-50%,  
Rhꞏ11µm-50%, and Rhꞏ110µm-50%. 
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3.10.7. Calculations of Ratio of Internal vs External Surface Area 
 The geometric external surface area per gram of each different sized UiO-67-bpydc 
sample was calculated as follows. The crystal size was assigned as the mid-sphere diameter of 
the octahedral crystals (d, as determined by SEM) and the side edge length (l = d/2) was used 
to calculate the external surface area of one crystal (𝐴 2 𝑙 √3). The mass of one 
crystallite was calculated by multiplying the volume of one crystal (given by 𝑉 √2) by 
the bulk density of UiO-67-bpydc (0.25 g/cm3). The number of crystallites in a 1 g sample of 
UiO-67-bpydc (N) was determined by dividing 1 g by the mass of one crystallite. The external 
surface area per 1 g sample of UiO-67-bpydc could then be determined by multiplying N by A 
and is displayed in Table 3.4. 
 
   
- 162 - 
 
Chapter 4   





Core-Shell Catalysis of Ethylene Oligomerisation with 
UiO-67-bpydc 
  
Chapter 4   
- 164 - 
 
Chapter 4. Core-Shell Catalysis of Ethylene Oligomerisation with UiO-67-bpydc 
4.1. Introduction 
 One of biggest the challenges in understanding the activity of MOF catalysts is 
identifying the location of the catalytic activity, either within or on the framework. The active 
sites of MOFs can be categorised as accessible at the exterior surface of the MOF crystals 
and/or within the interior, lining the MOF pores. This categorisation applies for all forms of 
active sites, whether they be intrinsically active at metal nodes/organic ligands or from 
supported catalytic moieties,1-3 because they can be found at both the exterior surface as the 
terminating group and within the crystal interior, accessible via the pores or through defects in 
the framework.4 It is necessary to distinguish MOF catalytic activity as external/internal 
because the activity and product distribution of those sites is reliant on different factors. 
External catalysis, as discussed in Chapter 2, is highly dependent on the amount of catalytically 
active surface area exposed, i.e. crystal size and morphologically dependent, and is not 
contingent on the diffusion of reagents.5-7 Conversely, internal catalysis is reliant on the 
diffusion of reagents into the MOF framework and hence is dependent on the kinetic diameter 
of reagents/products,5, 8 the pore size and chemical environment, as well as crystal size effects 
on diffusion.9 Pore confinement effects are also important for internal catalysis, potentially 
enabling control over the product distribution for certain reactions relative to their 
homogeneous molecular counterparts.7 In the context of heterogeneous catalysis with MOFs, 
control over the location of catalytic activity is paramount in enhancing the catalytic 
performance of MOFs without altering the chemistry of the active sites in the framework. 
 
Figure 4.1: Schematic of the catalytically active sites in MOFs (highlighted in orange) with 
external surface catalysis (left) and internal catalysis (right). 
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Most of the reported catalytic activity of MOFs stems from a combination internal and 
external active sites and deconvoluting the activity information is difficult. The best way to 
identify the location of activity for MOFs would be to conduct control experiments for external 
and internal catalysis and then compare observed activity/product distribution to those controls. 
Isolating the catalytic activity of MOFs to the exterior crystal surface has been reported, 
predominantly through the use of reagents that have kinetic diameters that discriminate 
diffusion into the MOF pore.1, 5, 10-11 This strategy is often used to prove the catalytic activity 
occurs within the pores of the MOF rather than at the crystal surface.11-12 Alternatively, surface 
active sites can also be poisoned through the use of tightly coordinating ligands such as 
bisphosphines or triphenylphosphine, which block surface active sites without diffusing into 
the pores of the framework.13 The aforementioned strategies fundamentally rely on either 
blocking surface active sites or comparing the activity of reagents with varied steric bulk and 
hence different diffusion characteristics to discern the location of catalytic activity. As such, 
these strategies do not provide a true representation of the location of catalytic activity because 
either they do not utilise the same reagents to directly compare internal and external activity, 
or they rely on altering the chemistry of active sites. A true control study would involve 
comparing the activity of a MOF which contained active sites exclusively located at either the 
exterior or interior of the MOF crystal.  
Tuning the precise location of active sites within a MOF is a crystal engineering 
challenge which can be partially solved through the synthesis of core-shell MOF composites. 
Core-shell MOFs (CS-MOFs) are comprised of at least two layers, a core and a shell, which 
are chemically distinct due to MOF components used in their synthesis i.e. metal nodes and 
organic ligands. CS-MOFs have been synthesised with the core/shell being comprised of 
frameworks with the same topology but with varied ligands/metal nodes (MOF-A⸦MOF-A),14-
16 and with the core/shell being made up frameworks with entirely different topologies (MOF-
A⸦MOF-B).17-19 Coating one framework with another that has a different topology will result 
in variance in the diffusion characteristics of guests due to porosity differences within the CS-
MOF, whereas a CS-MOF where the core/shell frameworks have the same topology will not 
suffer from this variance to the same extent.20 Ideally the CS-MOF of choice for this work can 
be engineered in a way that allows for control over the location of active sites (either in the 
core or shell layer) and minimal influence on diffusion of guest molecules. 
MOF-A⸦MOF-A type CS-MOFs can be synthesised in two general ways: epitaxial 
growth on a core crystal or through solvent-assisted-ligand-exchange (SALE) of  the ligand of 
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a core crystal. Epitaxial growth involves exposing crystals to a solution of MOF precursors 
containing, either a different ligand or metal node, and controlling the growth of the shell layer 
from the original crystal surface. This can be achieved by varying the synthetic conditions such 
as time, temperature, metal source, ligand, additives used and reaction concentration.16 It has 
been shown that a defined boundary can be formed between the strata of the core and the shell 
when there is a significant difference between the steric bulk of the ligands which make up the 
framework of each domain.16 For ligands with similar steric bulk the boundary between the 
core and shell is less well defined, this is because ligand exchange can occur when the shell 
ligand is able to diffuse into the framework of the core crystals.16 Additionally, when 
synthesising CS-MOFs via epitaxial growth it is also possible to get co-precipitation of the 
shell framework independent of the core crystals, (see Figure 4.2).16 Conversely, synthesising 
CS-MOFs via SALE avoids the issue of co-precipitation as no metal-node precursors are used. 
SALE is a post-synthetic crystal engineering tool which can be used to incorporate a new ligand 
into the parent framework by soaking the parent framework in a concentrated solution of the 
new ligand. The outcome of a successful SALE reaction is a material that features the ligand 
from the solution incorporated into a framework which possesses the topology of the parent 
material (see Figure 4.2).21 Controlling the diffusion of the shell ligand has been shown to 
produce a material with a defined core-shell boundary with the shell ligand being localised to 
only the exterior of the crystal.20, 22 Slow diffusion SALE is the most promising technique to 
use in order to synthesise a CS-MOF, with no porosity gradients or co-precipitation, for 
catalytic testing.  
The location of catalytic activity in MOFs was investigated through the synthesis of 
CS-MOFs with active sites localised exclusively at the exterior/interior, UiO-67 was chosen as 
the framework for this work. As previously discussed in Chapter 3, UiO-67 can be synthesised 
with the ligand H2bpydc with excellent control over the ligand concentration in the framework 
and the crystal size distribution.23-24 In fact, UiO-67 is an ideal candidate for the synthesis of 
CS-MOFs because controlling the localisation of H2bpydc during the synthesis of the CS-MOF 
affords direct control over the catalytically active sites because the bipyridine N-donors of 
H2bpydc can coordinate to transition metal catalysts.24-26  UiO-67 is typically synthesised with 
H2bpdc, which provides similar pore characteristics as H2bpydc due to its similar steric bulk. 
Additionally, UiO-67 has already been shown to be amenable to SALE using these two ligands,  
with the composite able to be metalated with PdCl2 and shown to be catalytically active for the 
coupling of 4-bromotoluene and phenylboronic acid.24 
Chapter 4   
- 167 - 
 
 
Figure 4.2: Schematic of epitaxial growth vs SALE for the formation of a CS-MOF, with 
epitaxial growth increasing the size of the CS-MOF whilst forming a co-precipitate of varied 
size and SALE resulting in no change to the size/topology of the crystals. 
For this project, the ideal CS-MOF would feature a UiO-67-bpydc core with the shell 
being synthesised via slow diffusion SALE to give a catalytically inert shell of UiO-67-bpdc. 
CS-MOFs obtained this way could be metalated with a transition metal catalyst of choice and 
the composite could be used for catalysis. The overall objective in Chapter 4 is to compare 
internal and external catalysis with MOFs. This will be achieved by synthesising CS-MOF 
materials and analysing the activity/product distribution for gas phase ethylene oligomerisation 
reactions catalysed by core-shell and non-core-shell MOF materials. The catalyst will be 
further discussed in the second half of this chapter with the first half focusing on the synthesis 
and characterisation of CS-MOFs with UiO-67-bpydc.  
 4.2. Considerations for the Synthesis and Analysis of Core-Shell Candidates  
The key consideration when synthesising a CS-MOF architecture via solvent-assisted 
linker exchange (SALE) is controlling the diffusion of the shell ligand throughout the 
framework. The ideal circumstance would have minimal diffusion of the incoming ligand into 
the MOF structure so that all of the linker exchange occurs at the external surface of the MOF 
crystals, creating a well-defined core-shell boundary. Guest molecule diffusion can be 
controlled through “hard” controls such as crystal engineering, by varying either the steric bulk 
of the framework ligand or by altering the crystal size;16, 22, 27 however, these require changes 
to the MOF structure. As previously mentioned in Chapters 2 and 3, increasing crystal size 
with MOFs increases the distance guest molecules have to travel through the framework whilst 
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still diffusing at the same rate. Consequently, screening slow diffusion SALE conditions with 
larger crystals is beneficial because the diffusion of guest molecules can be further controlled 
through judicious selection of “soft” controls including temperature, diffusion/reaction time, 
guest molecule concentration and the solvent system.22  
Considerations must also be made in regard to the analysis of any core-shell candidates 
and the limitations of potential analytic techniques may have. The most important requirement 
to characterising core-shell candidates is the ability to analyse the spatial distribution of the 
two ligands used in order to characterise the core-shell boundary. There is a minimum 
resolution in Raman microscopy of approximately 0.1 µm, which therefore necessitates the use 
of large MOF crystals.22 Similarly, higher through-put screening is much easier on samples 
larger than 10 µm via SEM/EDX analysis of core-shell candidates, due to the depth of the 
electron ‘droplet’ that EDX analysis actually analyses (1-5 µm from the surface). The depth 
that EDX analysis can sample can vary significantly, for materials comprised of low atomic 
number atoms the interaction volume is large, whereas for materials with high atomic number 
this volume is much smaller. Transmission electron microscopy (TEM) could be utilised for 
samples smaller than 1 µm with higher EDX resolution than SEM, but analysis via TEM is 
low-throughput and time intensive. Bulk analysis of core-shell candidates ligand and metal 
composition can be done via NMR spectroscopy of the digested MOF sample and ICP-MS or 
SEM/EDX respectively; all three are relatively high throughput techniques, but there needs to 
be a focus on analysing the spatial arrangement of the ligands/metals in core-shell candidates. 
Due to these considerations, this work focussed on the synthesis and analysis of core-shell 
candidates using large core crystals (> 10 µm) of UiO-67-bpydc. 
4.3. Synthesis and Characterisation of Large UiO-67-bpydc Core Crystals  
UiO-67-bpydc with crystal sizes larger than 10 µm were prepared by screening 
conditions which built upon the protocols established in Chapter 3 and on recently published 
work used by Yang et. al. to prepare hybrid core-shell Zr-MOF materials in one step.19 Yang 
et. al. outlined the synthesis of composite materials which relied on the kinetics of MOF growth 
for two different ligands, with PCN-222 (formed from a tetratopic linker) crystallizing 
homogeneously in solution after 1 day and UiO-67 (formed from bpydc) forming after 7 days.19 
Their conditions outlined the use of trifluoroacetic acid in 80 eq. relative to the linkers/Zr4+ 
which acted as a modulator slowing crystal growth significantly more than the conditions 
previously screened and used in Chapter 3. Thus, the synthetic conditions used were modified 
from the protocols used by Yang et. al., removing the ligand used for PCN-222 synthesis and 
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scaling the reaction down to a 10 ml reaction (see experimental section 4.11). The chosen 
reaction conditions; ZrCl4 (0.273 mmol), H2bpydc (0.277 mmol), trifluoroacetic acid (TFA, 
21.69 mmol, 80 equivalents) and DMF (10 ml) with heating at 120 ºC for 7 days, afforded large 
single crystals of UiO-67-bpydc on the sides of the vials (see reaction scheme in Figure 4.3). 
Of note with these synthetic conditions, washing the crystals with DMF (4 × 10 ml) was 
essential to remove any excess unreacted ligand, metal salts, TFA and degraded DMF from the 
MOF pores. The MOF crystals were stable to DMF solvation for 12 months without reduction 
in crystallinity. Additionally, single crystals only formed on the sides of the vial with the 
material on the bottom being a mixture of intergrown microcrystalline material; for the 
purposes of this work single crystals were essential so the microcrystalline material was 
removed during the washing steps before the single crystals were collected. Unfortunately, the 
necessity for high quality single crystals reduced the yield of MOF per batch to approximately 
5-10 mg of single crystals. As previously discussed in Chapter 3, all UiO-67-bpydc samples 
must be solvent exchanged with volatile solvents such as THF or MeCN 3-5 times and dried 
prior to analysis, in order to reduce solvent related disorder/reduction in crystallinity. Powder 
X-ray Diffraction (PXRD) analysis of single crystals, as-synthesised and solvated in DMF for 
12 months (both THF washed prior to analysis), confirmed phase purity of the samples as they 
matched the simulated pattern of UiO-67-bpydc (Figure 4.4).  
 
Figure 4.3: a) Reaction scheme for the synthesis of 20-50 µm crystals of UiO-67-bpydc, with 
a cartoon representation of the MOF structure identifying 3 key features; the zirconium-oxo 
cluster [Zr6O6(OH)4+]12+, the bpydc ligand coordinated to two different clusters and a 
trifluoroacetate (TFA) coordinating to one cluster causing a ligand defect and b) an SEM image 
of a single crystal of UiO-67-bpydc synthesised using these conditions. 
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Figure 4.4: PXRD patterns of large crystals of UiO-67-bpydc, including a simulated pattern 
(black), as-synthesised via TFA prep (7 days 120 deg and THF washed, red) and solvated in 
DMF for 1 year (THF washed, blue). 
The size and morphology of the single crystals of UiO-67-bpydc were analysed via 
scanning electron microscopy (Figure 4.3 and 4.5). The single crystals of UiO-67-bpydc had 
an average diameter of 46.3 ± 8.8 µm and are morphologically distinct from previously 
synthesised UiO-67 crystals being truncated octahedra rather than the more common 
octahedral morphology (see Figure 4.5b for size distribution data).9 The change in morphology 
is likely due to the modulator TFA, which can act as a capping agent coordinating preferentially 
to a chemical environment associated with the Miller plane which would make up the vertices 
of the octahedron UiO-67 crystals.28 The faces of octahedral UiO-67 crystals have been 
previously been determined correspond to the [111] plane,28 where-as the vertices have not 
been directly characterised, but for octahedral metal nano particles the vertices correspond to 
the [100] Miller plane.29  
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Figure 4.5: a) SEM image of UiO-67-bpydc 50 µm crystals and b) crystal size distribution 
analysis of crystals in a). 
Modulators such as TFA have been shown to introduce defects in framework of UiO-
67, which can arise as missing ligand and/or node defects.30-31 These defects can offer new 
avenues for guest molecules diffusion and hence increase the rate of guest diffusion through 
the framework. A detailed defect analysis is necessary to understand the type of defects and 
how they might be minimised in order to control diffusion of guest molecules during the 
synthesis of CS-MOF candidates via slow diffusion SALE. The defect analysis was conducted 
on the as-synthesised single crystals, which were digested with DMSOd6/DCl in accordance 
with previously established protocols (see experimental sections 4.11 and 3.8). The digested 
sample was analysed via 1H and 19F NMR spectroscopy and the presence of the ligand H2bpydc 
and TFA were observed (Figure. 4.6). In order to quantify the number of ligand defects present 
in the framework TFA must be exchanged with another ligand which can be quantified via 1H 
NMR spectroscopy. An additional requirement is that the incoming ligand does not replace 
bpydc in the framework, there by introducing more ligand defects than were initially present. 
Benzoic acid (BA) and phenylphosphinic acid (PPA) were chosen as candidate replacement 
ligands for TFA to determine the impact of ligand pKa (4.20, 2.1 and 0.23 respectively for BA, 
PPA and TFA) on ligand exchange for both TFA and bpydc.32 Exchange reactions with BA 
(8%, 0.65 M) and PPA (0.01 M) in DMF were incubated for 24 h at 85 ºC, the supernatant and 
the solvent exchanged/digested MOF samples were analysed via 1H and 19F NMR spectroscopy 
in DMSOd6 (see experimental 4.11 and Figure 4.6). As seen in Figure 4.6, H2bpydc and TFA 
were shown to be present in the as-synthesised digest sample via 1H and 19F NMR spectroscopy 
respectively. Following post-synthetic exchange with BA, both H2bpydc and BA are present 
in the 1H NMR spectra of the digested solids, but only BA was present in the solution. 
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Additionally, TFA is not seen in the 19F NMR spectra of the BA-exchanged digested MOF but 
is present in the solution, indicating BA replaces TFA at defect sites without removing H2bpydc 
(see Figure 4.6). Interestingly PPA, which has a much lower pKa than BA and hence is more 
acidic, also replaces TFA at defect sites in the MOF but also exchanges with H2bpydc, clearly 
binding tightly with the Zr-oxo cluster of UiO-67. Quantitative defect analysis with BA and 
PPA  is summarised in Table 4.1 following the calculation of ligand defects via 1H NMR 
spectroscopy (see Figure 4.7) outlined by Gutov et. al. (see Appendix 4.1 for the related 
calculations).30 BA and PPA exchanged samples demonstrated 14 and 32 % ligand defects 
respectively via NMR (see Table 4.1), this difference relates to the displacement of H2bpydc 
by PPA and hence analysis via PPA exchange is not a realistic measure of defects. 
 
Figure 4.6: Stacked 1H (a) and 19F NMR spectra (b) of as-synthesised, benzoic acid and 
phenylphosphinic acid exchanged MOF showing the appearance and disappearance of ligand 
modulators and the removal of TFA. H2bpydc, benzoic acid, phenylphosphinic acid and 
trifluoroacetic acid NMR chemical shifts are highlighted by red, blue, orange, and green shaded 
regions respectively. 
Ligand defects in UiO-67 can be controlled through choice of modulator in synthesis 
conditions or post-synthetically removed through ligand exchange. Reducing the number of 
ligand defects in the UiO-67-bpydc core crystals is essential when attempting to control the 
rate of diffusion of guests for the synthesis of CS-MOFs via slow diffusion SALE. As such, an 
attempt was made to “heal” the ligand defects using SALE to install H2bpydc into the ligand 
defect sites in place of the coordinated modulator (see proposed schematic Figure 4.7). 
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Figure 4.7: Schematic of modulator exchange and “crystal healing” protocols for UiO-67-
bpydc to minimise ligand defects, with BA used as an exemplar modulator used to replace TFA 
at the ligand defect site. 
Following protocols adapted from Gutov et al. an attempt at “healing” ligand defects 
was undertaken by reintroducing H2bpydc back into the framework via SALE to displace the 
BA or PPA modulators.30 The BA and PPA exchanged samples were soaked in a 2.5 mM 
H2bpydc solution in DMF at 85 ºC for 24 hr and the subsequently solvent exchanged and dried 
samples were digested and analysed via NMR spectroscopy (see Figure 4.8 , Table 4.1 and 
Appendix 4.13.1 for calculations). It was found that the more labile BA modulator could be 
entirely removed using this “healing” protocol, whereas PPA was still bound to the framework 
which now had approximately half the ligand defects post “healing”. This difference is likely 
due to the strength of the acids, with PPA having a much lower pKa than BA, meaning BA is 
more labile and thus more susceptible to removal via SALE to be replaced by H2bpydc. The 
“healing” ligand exchange process favours the incoming H2bpydc ligand for two reasons. 
Firstly, H2bpydc coordinates to two zirconium-oxo clusters so once it is bound four bonds need 
to be broken for its removal rather than the two bonds for either BA or PPA. Secondly, when 
H2bpydc coordinates to the framework it displaces two acid modulators, which is entropically 
favourable. This rationale explains why PPA can be partially exchanged by H2bpydc even 
though it is a much weaker acid than PPA. BA was used for all further ligand exchange and 
“healing” protocols because the ligand exchange incorporation was reproducible, BA exchange 
did not release H2bpydc from the framework and BA is labile enough to be exchanged for 
H2bpydc for “crystal healing”. The crystallinity of BA and PPA exchanged samples was 
confirmed by PXRD, matching the pattern of as-synthesised UiO-67-bpydc (see Fig 4.9). The 
PXRD patterns of the BA and PPA exchanged samples show no additional peaks at low angle 
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indicating that there has not been the introduction nor the presence of a phase change to a more 
node defect rich material. 
 
Figure 4.8: a) 1H and b) 19F NMR spectra of BA and PP exchanged samples of as-synthesised 
and “healed” UiO-67-bpydc to demonstrate the extent of modulator removal post healing. 
H2bpydc, benzoic acid, phenylphosphinic acid and trifluoroacetic acid NMR chemical shifts 
are highlighted by red, blue, orange, and green shaded regions, respectively. 
Table 4.1: Defect analysis of  BA and PP exchanged samples of as-synthesised and “healed” 














BA exchanged 0.33 1.72 5.14 0.86 14 
PPA exchanged 0.95 3.87 4.06 0.68 32 
BA exchanged + 
H2bpydc healed 
0.00 0.00 6.00 1.00 0 
PPA exchanged + 
H2bpydc healed 
0.38 1.90 5.04 0.84 16 
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Figure 4.9: PXRD patterns of  BA and PPA exchanged samples of as-synthesised and “healed” 
UiO-67-bpydc demonstrating retention of long-range order and phase purity of the samples.  
 Controlling the diffusion of shell ligands through MOF crystals is vital for directing 
where ligand exchange can occur, thereby enabling the formation of complex CS-MOF 
architectures. The impact of modulator exchange and “crystal healing” via SALE with H2bpydc 
to remove ligand defects in UiO-67-bpydc was followed by measuring the BET and pore-size 
distributions at each stage in the exchange and healing protocols. N2 77 K adsorption isotherms 
for as-synthesised, BA-exchanged and “healed” single crystal samples of UiO-67-bpydc were 
collected post-activation from acetonitrile (see experimental section 4.11). The N2 77 K 
isotherms for all samples exhibited Type 1 characteristics with high uptake at low pressure, 
indicating that all of the samples are microporous (see Figure 4.10).33 The total uptake of N2 
increased going from the as-synthesised, BA-exchanged and “healed” samples of UiO-67-
bpydc, with corresponding BET surface areas of 2190 ± 15, 2671 ± 12 and 2620 ± 10 m2/g (see 
Figure 4.10). Additionally, the pore size distribution (calculated via DFT N2 model) in Figure 
4.10 shows that with each step in the ligand exchange and “crystal healing” process the average 
pore size distribution decreases. These results indicate that the exchange of TFA for BA and 
subsequently “healing” the framework with H2bpydc increases the internal surface area of the 
sample by connecting Zr-oxo nodes, previously disconnected due to ligand defects in the 
framework. Consequently, ligand defect free UiO-67-bpydc should demonstrate slower 
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diffusion of guest molecules than as-synthesised defect rich UiO-67-bpydc and will be a better 
candidate for slow-diffusion core-shell synthesis. 
 
Figure 4.10: a) 77 K N2 sorption isotherms and b) pore-size distributions of UiO-67-bpydc as-
synthesised, BA exchanged and “healed” with H2bpydc. 
4.4. Synthesis and Characterisation CS-MOF candidates  
 Core-shell candidate samples needed to be screened by two complementary techniques 
to determine the bulk composition and localisation of the core ligand (H2bpydc) relative to the 
shell ligand (H2bpdc). 1H NMR spectroscopy was used to directly compare the bulk 
composition of the two ligands by digesting a small portion of dried sample in DMSOd6/DCl. 
The spatial distribution of the two ligands was more challenging to discern requiring a 
technique with high resolution and a method to better distinguish the two ligands. Since the 
core ligand H2bpydc has a vacant bidentate N-donor chelating site, a transition metal could be 
introduced to the core-shell material post-synthetically and it would bind selectively to the core 
ligand over the shell ligand; therefore the presence or absence of the introduced transition metal 
would indicate the relative spatial distribution of the two ligands. [RhCODCl]2 was chosen as 
the indicator transition metal complex because previous work has shown that a RhCODCl 
species will quantitatively coordinate to bpydc sites in UiO-67-bpydc (see section 3.5). The 
spatial distribution of [Rh(bpydc)(COD)Cl] entities within the core-shell candidates was 
followed by SEM/EDX and the atomic ratio Rh:Zr was analysed. There is one ligand per Zr 
atom in the UiO-67-bpydc chemical formula, so 100% occupation of bpydc sites by RhCODCl 
would be registered by the measurement of Rh:Zr = 1. SEM/EDX is a surface analysis 
technique, but the depth of penetration of electrons (interaction volume) into a particle is 
dependent on the composition (average atomic number and density of atomic packing) as such, 
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the area of analysis of X-rays which are emitted from the sample for EDX analysis includes a 
depth between 1-5 µm of the sample.34 Since UiO-67-bpydc is comprised of both low and high 
atomic number atoms and contains a significant proportion of void space, it is challenging to 
quantify the interaction volume and hence the depth from the surface that EDX analysis 
samples. Screening core-shell candidates involved directly comparing the 1H NMR HH2bpdc 
of the bulk sample to the “surface” ratio of Rh:Zr via SEM/EDX. If the “surface” Rh:Zr ratio 
equals the bulk H2bpydc:H2bpdc ratio then homogeneous SALE has occurred and the shell 
ligand has been equally dispersed throughout the crystals evenly. If the surface Rh:Zr ratio is 
less than the H2bpydc:H2bpdc ratio then this indicates non-homogeneous SALE, and the shell 
ligand has preferentially exchanged closer to the external surface.  
 Initial screening of CS-MOF synthesis conditions via slow-diffusion SALE were 
initially conducted with non-healed core-crystals to determine whether the ligand defects 
would affect the diffusion of H2bpdc into the framework. The non-healed UiO-67-bpydc 50 
µm crystal samples were shown previously to have 15% ligand defects. Under varied 
conditions (ligand concentration, temperature, time, and solvent system used) it was found that 
the synthesised samples contained a comparable Rh:Zr ratio to the overall ligand content of 
both the reaction mixture and MOF (see Appendix 4.13.2). The homogeneous SALE observed 
in preliminary screening studies resulted from the measured larger pore size distributions of 
defect rich MOF crystals, which enabled fast diffusion of H2bpdc into the framework and 
subsequent ligand exchange. Further slow diffusion SALE experiments utilised ligand defect-
free core crystals, prepared as discussed previously (Section 4.3), which should limit diffusion 
of guest molecules into the MOF. Additionally, the initial screening was conducted on 0.5-1 
mg of MOF per reaction, which was sufficient for high throughput SEM/EDX analysis, but not 
enough sample remained for an NMR digest. As such, the original results only gave rise to a 
qualitative understanding of the composition of the samples i.e. a comparing the surface 
SEM/EDX Rh:Zr ratio to the total ligand composition of the reaction mixture H2bpydc (in the 
MOF) : H2bpdc (in the solution). Hence, further experiments were conducted with a larger 
amount of core-crystals to enable a quantitative analysis of the composition of CS-MOF 
candidates via SEM/EDX and NMR spectroscopy on digested samples. 
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 Slow diffusion SALE conditions were screened using the “healed” ligand defect free 
20-50 µm UiO-67-bpydc core and candidate core shell samples were analysed quantitatively 
by directly comparing the bulk H2bpydc:H2bpdc ratio of digested samples via NMR 
spectroscopy and the ‘surface’ ratio of Rh:Zr via SEM/EDX. A control experiment was 
undertaken to demonstrate the quantitative uptake of rhodium, whereby a portion of “healed” 
core MOF was metalated with [RhCODCl]2 and subsequently analysed via NMR and EDX 
(see Figure 4.11). The control sample indicated a Rh:Zr of 96 ± 3% whilst NMR digestion 
analysis indicated only the presence of H2bpydc in the MOF sample. Slow diffusion SALE 
conditions were screened with a 2.5 mM H2bpdc solution in DMF with varied temperatures 
(25, 50, 80 and 120 °C) and reaction times (0.5 h to 1 h), the results are displayed in Figure 
4.11. SEM images of all of the samples indicate that there was no noticeable degradation of the 
crystals under SALE conditions (see Appendix 4.13.3, Figure 4.A.3). In Figure 4.11 the dashed 
red line represents the point at which ratio of Rh to Zr at the surface equals the digested bulk 
H2bpydc:H2bpdc ratio. Samples below the red dotted line have undergone non-homogeneous 
SALE, having more H2bpdc at the surface than H2bpydc, indicating the increased likelihood 
that slow diffusion SALE has occurred and resulted in a shell or diffuse shell of H2bpdc around 
the core of H2bpydc in the sample. Samples with a surface Rh:Zr ratio much lower than the 
measured H2bpydc:H2bpdc bulk composition should therefore have a much more distinct 
H2bpdc shell. It can be seen that with short reaction times and high temperatures a series of 
candidates emerge, with the most promising being 0.5 h at 120 °C; Rh:Zr = 58 % and 
H2bpydc:H2bpdc = 88 % (see Figure 4.11). All candidates which were heated above 25 °C 
demonstrated a shift towards increased H2bpdc uptake and homogeneous SALE going from 
0.5 to 1 h of heating, indicating that over a longer time scale the system would tend towards a 
statistical distribution of the two ligands throughout the crystals. These observations prompted 
further experiments at 120 °C, with shorter time scales (10, 20 and 30 mins), varied ligand 
concentrations (2.5 mM and 5 mM) and with pre-heated and not pre-heated ligand solutions.  
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Figure 4.11: Initial screening of NMR (bulk) and EDX (surface) ratios of core-shell candidates 
at varied temperature and time. 
 The importance of temperature for the slow diffusion SALE reaction was investigated 
by comparing samples synthesised at shorter time scales (10-30 min), varied H2bpdc ligand 
concentrations (2.5 mM and 5 mM) and with and without pre-heated solutions. All MOF 
samples were quantitatively analysed via NMR digestion and SEM/EDX with the results 
displayed in Figure 4.12. Pre-heating the H2bpdc solution to 120 ºC enabled analysis of a 
constant temperature profile i.e. instantly bringing the reaction mixture up to 120 ºC and 
holding that temperature for 10-30 minutes. Pre-heating the H2bpdc ligand solutions resulted 
in homogeneous SALE at all timescales and ligand concentrations analysed. The observed 
homogeneous SALE was likely caused by immediately providing enough energy to exchange 
ligands and enabled fast diffusion of H2bpdc through the MOF framework. In comparison, the 
samples synthesised without pre-heated ligand solutions were exposed to a temperature 
gradient, with the system starting at room temperature and being placed in the 120 ºC oven at 
T = 0. Varying the end time point of the experiment (10-30 min) affects both diffusion into the 
crystals and the rate of exchange of H2bpdc with H2bpydc. As such, the samples without pre-
heated ligand solutions all appeared to demonstrate non-homogeneous SALE, where the 
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shorter time scale (10 min) and lower shell ligand concentration (2.5 mM) conditions looked 
the most promising. The short time scale SALE experiments indicate limiting the time taken 
for the diffusion to occur and for the reaction solution to get up to temperature results in SALE 
occurring primarily at the surface of the MOF crystals. The longer that heating time 10-30 
mins, the more significant the H2bpdc incorporation into the framework. Another factor to 
consider was the reaction volume, increasing or decreasing the volume would result in a 
different temperature gradient, with the reaction mixture taking more or less time to heat up 
respectively. The screening experiments were conducted using 1-5 mg of single crystals, 
meaning  only 1-2 ml of ligand solution was needed to be heated for slow diffusion SALE, as 
such that heating time needed to be adjusted for larger scale samples because the volume of the 
ligand solution is larger. For MOF samples with masses less than 15 mg (less than 4.5 ml) a 
heating time of 10 min was used and for samples with masses larger than 15 mg (greater than 
4.5 ml) a heating time of 20 min was needed. 
 
Figure 4.12: Slow diffusion SALE experiments at 120 ºC with and without pre-heated solutions 
at varied ligand concentration of the H2bpdc solution for 10, 20 and 30 minutes. 
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 Spatial analysis of the two ligands was attempted using confocal Raman spectroscopy 
on a promising CS-MOF candidate, synthesised under the optimised conditions of slow 
diffusion SALE (2.5 mM H2bpdc, 20 min at 120 °C). Analysis via Raman spectroscopy is 
possible because both ligands are Raman active in the UiO-67 framework when excited with a 
532 nm laser, see Figure 4.13. Three samples were analysed via Raman spectroscopy; UiO-67-
bpdc, UiO-67-bpydc0.5-bpdc0.5 and UiO-67-bpydc, there is a distinct difference between the 
spectra, with characteristic peaks for UiO-67-bpydc and UiO-67-bpdc appearing at 1590 and 
1612 cm-1 respectively. The characteristic peaks were resolvable in the spectra of UiO-67-
bpydc0.5-bpdc0.5 prompting spatial analysis of the aforementioned core-shell candidate via 
confocal Raman spectroscopy.  
 
Figure 4.13: Raman spectra of UiO-67-bpdc (black), UiO-67-bpydc0.5-bpdc0.5 (red) and UiO-
67-bpydc (blue) with characteristic peaks highlighted in red and green for UiO-67-bpydc and 
UiO-67-bpdc, respectively. 
Spectra at varied confocal depths of a single crystal were collected, scanning for the 
characteristic peaks for both ligands across the crystal. Figure 4.14 shows one such spectrum 
at an optical depth of approximately 4 µm from the crystals surface, which contained the largest 
contribution of the shell ligand. The shell ligand is isolated at the exterior of the crystal, with 
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no Raman signals detected at the centre of the crystal for H2bpdc. The H2bpdc:H2bpydc ratio 
at the exterior is 0.04, which indicates (assuming a thin pure shell) that the shell thickness is 
approximately 160 nm. These results confirm the localisation of the shell ligand to the exterior 
of the crystal, but that the shell thickness is likely to be fairly thin or diffuse (consistent with 
prior analysis). Correspondingly, attempts were made to increase the shell thickness by 
exposing the core-shell candidate crystal to multiple cycles of slow diffusion SALE. 
 
Figure 4.14: Confocal Raman spectrum of a core-shell candidate at an optical depth of 4 µm 
from the crystals surface scanning across the crystal. The core and shell ligands (H2bpydc and 
H2bpdc) are shown as the red and blue traces, respectively.  
 Stepwise shell growth was investigated by cycling a large batch of  “healed” core single 
crystals through three successive slow diffusion SALE cycles. In this set of experiments a large 
sample of “healed” core UiO-67-bpydc single crystals were used for three slow diffusion SALE 
cycles (2.5 mM H2bpdc, 20 min at 120 °C). Aliquots of the crystalline sample were taken after 
each cycle and solvent exchanged with DMF and MeCN prior to analysis (see experimental 
4.11 for further details). The ligand and metal ratios were analysed after each successive cycle 
with the data displayed in Figure 4.15. It can be seen that, with successive cycles of slow 
diffusion SALE, bulk analysis indicates more H2bpdc is incorporated into the framework and 
that there is less Rh detected at the surface (relative to Zr). There are two possible rationales 
for these results, which could be occurring exclusively or in tandem; successive cycles of slow 
diffusion SALE experiments could potentially increase the thickness of the H2bpdc shell and/or 
further dilute H2bpydc at the exterior of the crystal.  
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Figure 4.15: Bulk NMR and surface EDX analysis of slow diffusion SALE experiments for the 
stepwise growth of a shell through three core-shell cycles and ligand randomisation 
experiments for crystals solvated in DMF at 120 °C for varied times (24, 48, 72 and 96 h). 
To garner a better understanding of the mechanics of SALE and the lability of 
coordinated ligands in the UiO-67 framework, a ligand scrambling experiment was undertaken. 
MOFs are not static crystalline materials, there is ligand rotation, solvent incorporation,35 
ligands can be exchanged,36 transition metals coordinate to the framework,37 and many 
different post-synthetic processes can be undertaken.38 The ligand randomisation study 
involved heating a core-shell candidate sample, in this case a sample synthesised via three 
successive core-shell cycles (CS×3), in DMF at 120 °C for extended periods of time (24, 48, 
72 and 96 h). These samples were then analysed, following solvent, exchange via EDX/SEM 
(post [RhCODCl]2 metalation) and NMR digestion and compared to the starting material (see 
experimental section 4.11 and Figure 4.15). As seen in Figure 4.15, there is an initial increase 
in surface Rh from 50% to 70% in the first 24 h, but over time the ratio of Rh:Zr at the surface 
doesn’t tend towards the bulk H2bpydc:H2bpdc ratio instead plateauing around 70% for the 48, 
72 h time points. Additionally, at 96 h the Rh:Zr ratio decreases slightly to 65%. It is worth 
noting that there is a slight increase in the H2bpydc:H2bpdc ratio of about 5%, potentially due 
Chapter 4   
- 184 - 
 
to the loss of the least soluble ligand H2bpydc, this also is within the error when integrating 
low concentration substrates for 1H NMR analysis. Considering these results, it would seem 
that full rearrangement of the structure to one having homogeneous ligand distribution is not 
possible. As shown, earlier under similar heating conditions but with the presence of an 
additional ligand, a statistical ligand incorporation is possible i.e. homogeneous SALE. 
Therefore, without both factors (heat and additional ligand) the composition of core-shell UiO-
67 composites remain relatively unaltered. 
 Prior to catalysis testing it was necessary to confirm that the overall composition of 
Rh:Zr of the core and core-shell samples matches the ligand composition. This data was used 
to confirm where catalytically active species (introduced below) will be located. This was 
achieved through ICP-MS analysis of the overall Rh:Zr ratio of core-shell candidates (post 
HNO3 digestion, see experimental section 4.11). The analysis of Rh:Zr ratio, via ICP-MS, 
provides data concerning the following points; whether, in the core sample, the EDX Rh:Zr 
ratio is indicative of the bulk H2bpydc:H2bpdc ratio determined by NMR spectroscopy and, 
whether there is a similar difference between the “surface” EDX Rh:Zr and the bulk Rh:Zr 
(ICP-MS)/ligand ratio (NMR) in the core-shell samples. Three candidate samples were 
analysed (all of which were later used for catalytic experiments), the “healed” core and core-
shell samples synthesised from one and three cycles of slow diffusion SALE. The NMR, ICP-
MS and EDX analyses of these three samples is graphed in Figure 4.16. Analysis of the core 
sample revealed quantitative uptake of [RhCODCl]2 by both ICP-MS and EDX indicating that 
Rh was dispersed quantitatively throughout the framework at a similar ratio to H2bpydc and 
hence is coordinated at every chelating site available in the structure. Both core-shell candidate 
samples have a lower “surface” ratio of Rh:Zr in comparison to the bulk, with the latter 
matching trend of the overall ligand ratio. This result indicates that there was less H2bpydc at 
the surface of the MOF crystals than H2bpdc and that the ligands at the core of the samples are 
coordinating RhCODCl entities almost quantitatively. Overall, the ICP-MS analysis validates 
the screening of core-shell candidates via comparing the ligand ratio in the bulk by NMR 
analysis and the Rh:Zr ratio at the surface via SEM/EDX.    
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Figure 4.16: Comparison of bulk and surface analysis of a Core sample, and two Core-Shell 
candidates synthesised from 1 and 3 successive cycles of slow-diffusion SALE (1 and 3 cycles 
respectively) samples via 1 NMR (H2bpydc:H2bpdc), SEM/EDX and ICP-MS (Rh:Zr). 
 Core-shell candidates were also examined via PXRD and N2 77 K isotherms to ensure 
that synthetic conditions had not negatively impacted the crystallinity or porosity of the 
samples relative to the “healed” core crystals. For the studies of internal vs external catalytic 
activity, it is essential that there are no significant differences to the porosity of the catalysts 
supports; if there are then the diffusion of guest molecules will be altered. The core and core-
shell (3 cycles) samples were confirmed to be isomorphous via PXRD, with both patterns 
matching the simulated pattern for UiO-67-bpydc (see Appendix 4.13.4, Figure 4.A.4). This 
indicates that there is no change in topology during the slow diffusion SALE synthesis of core-
shell candidates. Sorption analysis of the two samples with N2 at 77 K revealed that the core-
shell sample had a slightly higher uptake of N2 and a correspondingly larger BET surface area 
in comparison to the “healed” core, 2860 ± 3 and 2620 ± 11 m²/g respectively (see Figure 4.17). 
Additionally, the pore-size distribution analysis of these samples demonstrated a shift to 
slightly larger average pore-size upon core-shell synthesis. These porosity changes might 
impact the diffusion rates of guest molecules throughout the framework, but this is not 
indicative of the porosity during catalysis because neither sample was metalated. Metalation 
will decrease the porosity of the samples, hence pre-catalysis the core and core-shell samples 
were analysed in the same manner, (see section 4.8 for discussion of results). 
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Figure 4.17: a) 77K N2 sorption isotherms and b) pore-size distributions of UiO-67-bpydc 
“healed” Core and Core-Shell (synthesised from 3 successive cycles of slow diffusion SALE) 
samples. 
As proof of concept a sample of reverse CS UiO-67-bpdc with a bpydc shell (UiO-67-
bpdc⸦UiO-67-bpydc) was synthesised from a healed core of UiO-67-bpdc. The core UiO-67-
bpdc crystals were synthesised with the same protocol as core UiO-67-bpydc crystals (80 eq. 
TFA, DMF, 120 ºC for 7 d, see experimental 4.11). SEM analysis of the as-synthesised core 
UiO-67-bpdc crystals revealed that the crystals were larger than its core UiO-67-bpydc 
counterpart, being approximately 100 µm in size, (see Appendix 4.13.5 Figure 4.A.5). The 
ligand defects were removed from the core UiO-67-bpdc crystals following the previously 
outlined protocols of exchange with BA and “healing” with excess H2bpdc (see experimental 
section 4.11). The healing process was followed by 1H and 19F NMR spectroscopy to ensure 
TFA and BA were removed from the “healed” core UiO-67-bpdc crystals (see Appendix 
4.13.5, Figure 4.7). The reverse CS UiO-67-bpdc⸦UiO-67-bpydc sample was synthesised via 
slow diffusion SALE incorporating H2bpydc into the exterior of the core crystals under 
optimised conditions (2.5 mM H2bpydc in DMF at 120 ºC for 20 min). 1H NMR spectroscopy 
of the digested sample indicated a H2bpydc:H2bpdc of 4.4 % (see Appendix 4.13.5, Figure 
4.A.7). SEM/EDX analysis of the reverse CS UiO-67-bpdc⸦UiO-67-bpydc sample metalated 
with RhCODCl revealed a ‘surface’ Rh:Zr of 11.5 ± 0.9 %, indicating that there are more 
[Rh(bpydc)(COD)Cl] entities at the surface of the composite than H2bpydc in the bulk of the 
sample. These results indicate that H2bpydc is localised at the surface of crystals and as such 
the reverse CS UiO-67-bpdc⸦UiO-67-bpydc composite has a diffuse H2bpydc shell. All of the 
samples discussed were phase pure via PXRD, matching the powder pattern of UiO-67-bpdc 
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(see Appendix 4.13.5, Figure 4.6). The reverse CS UiO-67-bpdc⸦UiO-67-bpydc sample was 
used as a control catalyst where all of the active sites are localised at the exterior surface. 
In this section the synthesis and characterisation of CS UiO-67-bpydc⸦UiO-67-bpdc 
and UiO-67-bpdc⸦UiO-67-bpydc samples was described. Along with the “healed” core UiO-
67-bpydc sample, these samples represent three different localisations of active sites 
throughout the MOF crystals, at the exterior, throughout the crystal and at the core of the 
crystal. Whilst there are no defined core-shell boundaries for these samples, the distribution of 
active sites is different enough between samples that catalytic testing with them will enable an 
investigation into the dependence of catalytic site localisation on the activity and selectivity of 
catalysts for ethylene oligomerisation. 
4.5. Background to Ethylene Oligomerisation Catalysis  
 Ethylene oligomerisation is a catalytic process by which ethylene monomers are 
converted to form longer chain oligomers. The oligomerisation of ethylene is an important 
catalytic process for the synthesis of a range of molecular weight olefins, which are used in the 
production of low-density polyethylene (linear C4–C8),39 and as intermediates for the 
production of plasticizers (C6-C10), lubricants (C10-C12) and detergents (C12-C16).40-44 Ethylene 
oligomerisation is predominantly carried out in industry through the use of transition metal (Ni 
and Cr) and Al catalysts,40, 42 which produce either a geometric or full-range distribution of 
linear-α-olefins (LAOs), such as a Schulz-Flory distribution from Ni catalysts (SHOP) and a 
Poisson distribution from alkyl aluminium (alfen or ethyl process).45-46 These distributions 
stem from varied mechanisms of chain growth. The first general mechanism is that of linear 
coordination-migratory insertion (the Cossee mechanism) which results in chain growth and a 
broad distribution of varied chain length polymers (see Figure 4.18).47 The second general 
mechanism for the selective production of shorter chain LAOs occurs via metallacycle 
intermediates.48-49 This mechanism involves oxidative coupling of two ethylene units 
(coordinated to the metal) forming a metallocyclopentane, further insertion of ethylene units 
can produce larger metallocycles and, decomposition of the metallocycle at any point will 
produce LAOs.45  The stability of the different sized metallocycles dictates the selectivity of a 
given LAO, and this can be controlled by the transition metal catalyst and the corresponding 
surrounding chemical environment. 
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Figure 4.18: A general reaction schematic for the Cossee mechanism of chain growth during 
ethylene oligomerization using a transition metal catalyst MX2 and an activating agent 
(MAO/AlR3). 
Common transition metals used for ethylene oligomerisation include Ni, Pd, Fe, Cr and 
Co.45 Typically a transition metal catalyst for ethylene oligomerisation features a metal halide 
coordinated to a chelating electron donating ligand, and these catalysts typically need to be 
activated with a co-catalyst in the form of methylaluminoxane (MAO) or AlR3 in situ.50-51 The 
steric bulk and functional groups appended to the chelating ligand of the complex has been 
shown to tune the activity of the catalyst. Most of these catalysts are reported as homogeneous 
catalysts; in fact the dimerization of  ethylene to form α-butene, in industry, is almost entirely 
performed via large scale homogeneous catalytic reactions.45  Common reaction conditions for 
ethylene oligomerisation include a solvent to solubilise the homogeneous transition metal 
catalyst (i.e. cyclohexane) and reaction products, > 100 equivalents of activating agent, high 
pressure (10 - 60 bar) and moderate temperatures depending on the catalyst (25 – 80 °C).42, 50-
53 Varying the temperature/pressure of reaction has been shown to influence the product 
distribution of the reaction (catalyst dependent), as the rate of chain transfer relative to chain 
isomerization increases with ethylene concentration at the active site (see Figure 4.18).51 
Increasing the ethylene concentration in the reaction vessel (i.e. increasing the temperature and 
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hence ethylene solubility in cyclohexane or increasing the pressure of the reaction) has been 
shown to produce primarily LAOs.51  
A benefit of using MOFs for ethylene oligomerisation over solid state or homogeneous 
catalysts is that they are porous and hence pore confinement of reagents can occur. Pore 
confinement could affect the product distribution more prominently than the ligand or 
mechanism of action by impacting the rate of insertion of ethylene and hence the percent 
isomerisation of LAOs. Several different MOF systems have been utilised for ethylene 
oligomerisation including Ni@(Fe)MIL-101,54 NU-1000-bpy-NiCl2,55 UiO-67-bpydc-NiBr2 
and Ni-MFU-4l.53, 56 In all cases a nickel complex is coordinated to the framework at a 
chelating site post-synthetically, whilst retaining most of the porosity of the parent framework. 
These systems boasted excellent selectivity for short chain LAOs due to pore-confinement 
effects. The most active and selective catalyst was the Ni-MFU-4l system, consuming ethylene 
at a rate of 41,500 mol per mol Ni per hour with 96.2 % selectivity for 1-butene.56 All of these  
systems are biphasic, with the exception of NU-1000-bpydc-NiCl2, with the catalyst and 
activating agent (>100 equivalents) in the solution (typically toluene) and the system 
pressurised with ethylene at high pressure. Additionally, the activities of the catalysts discussed 
are somewhat dependent on the amount of MAO/AlR3 co-catalyst used, hence NiX2 (X = Cl, 
Br) is not the optimum catalyst for a study of internal vs external catalysis.  
Ethylene oligomerization can be catalysed by a Pd catalyst without the need for 
MAO/AlR3, and hence is a better candidate for studying the impact of active site location on 
the activity/selectivity for a MOF catalyst. A palladium diphosphine complex, reported by 
Brookhart et al., was shown to catalyse the oligomerization of ethylene without a co-catalyst, 
with the catalyst demonstrating a temperature dependent formation of branched / linear chain 
products.57  The active catalyst is [PdMe(MeCN)]BArF coordinated to a diphosphine chelating 
ligand, which is generated in situ from reacting [PdMe(COD)]Cl with NaBArF (where NaBArF 
is sodium tetrakis[3,5-bis(trifluoromethyl)phenyl]borate).57 The catalyst was shown to be 
active at pressures between 200 and 600 psig (13.8 – 41.3 bar) and was selective to branched 
polymers at low temperatures (22 ºC) and linear polymers at high temperatures (75 ºC).57 It is 
worth noting that the experiments that were conducted by Brookhart et al. required toluene to 
solubilise their catalyst and their reactions were done in a bi-phasic system with high pressure 
ethylene added in a sealed batch reactor.  
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Catalysis of ethylene oligomerization in gas phase is an attractive prospect because it 
negates solvent use and hence speeds up product recovery/separation. Additionally, in the case 
of using a MOF-based catalyst in the gas phase, analysis of active site accessibility due to guest 
molecule diffusion is possible. Gas phase ethylene oligomerisation has been shown with MOF-
based catalytic systems including NU-1000-bpydc-NiCl2 and (Ru)HKUST-1.55, 58 In the case 
of NU-1000-bpy-NiCl2 crystal size and hence active site accessibility was shown to be a 
significant factor effecting the intrinsic activity (IA) of the catalyst. In this study NU-1000-
bpy-NiCl2 was compared to mechanically downsized batch of the catalyst; the crushed sample 
demonstrated a dramatic increase in IA due to the exposure of more surface-active sites with 
increased external surface area from downsizing.55 The as-synthesised composite was also 
tested under conventional the  bi-phasic conditions in heptane showing significantly higher IA 
than in the gas phase until the sample was crushed and then the IA was comparable.55 These 
results highlight the necessity to further understand the location of activity within MOFs. 
The overall aim of the work outlined in this section was to incorporate the catalyst 
synthesised by Brookhart et al. into the UiO-67-bpydc framework and use the composite to 
catalyse the gas phase oligomerisation of ethylene. In doing so an investigation of internal vs 
external catalysis and hence pore-confinement effects on product distribution would be 
undertaken by comparing the activity and product distribution of the CS UiO-67-bpydc⸦UiO-
67-bpdc, UiO-67-bpdc⸦UiO-67-bpydc and core UiO-67-bpydc samples.  
4.6. Preparation and Metalation of the MOF with [PdMe(MeCN)]+  
In order to incorporate the active catalyst [PdMe(MeCN)]+ into UiO-67-bpydc 
composites the counterion was exchanged a less sterically demanding anion. The original 
counterion NaBArF is too large to fit within the pores of UiO-67-bpydc, so during the synthesis 
of the catalyst precursor the counterion was exchanged with AgBF4. AgBF4 abstracts Cl- from 
the pre-catalyst and AgCl forms as a precipitate during the halide abstraction and which was  
removed via filtration prior to metalation. The synthesis of [(COD)PdMe(MeCN)]BF4 is 
outlined in the experimental section 4.11.2, and involved treating the pre-catalyst 
[PdMe(COD)]Cl with > 1 eq. AgBF4 in dry MeCN, see Scheme 4.1.57 A sample of MOF was 
then added to the filtered catalyst solution under Ar and left to react at 3 °C for 3 d. 
[PdMe(MeCN)]BF4 coordinates to the N-donor sites in H2bpydc in the MOF framework. 
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Scheme 4.1: Synthesis of [(COD)PdMe(MeCN)]BF4 from PdCODCl2 and subsequent UiO-67-
bpydc metalation with [(bpydc)PdMe(MeCN)]BF4.59 
Preliminary metalation studies were performed with 1 µm UiO-67-bpydc0.5bpdc0.5 (50 
% bpydc UiO-67), which was prepared and characterised, as discussed previously in Chapter 
3, and chosen because it was easy to synthesise and characterise. EDX analysis of samples 
obtained from initial metalation experiments showed some Cl- was still present in the metalated 
MOF sample, suggesting that not all of the Pd coordinated to the framework would be the 
active catalyst [PdMe(MeCN)]BF4. This is due to an older sample of AgBF4 being employed 
where some of the Ag(I) had reduced to Ag (0), and hence > 1.5 eq. AgBF4 was necessary to 
abstract the majority of the Cl from [PdMe(COD)]Cl (see EDX results in Table 4.2). Elemental 
analysis of the Pd:Zr ratio by SEM/EDX demonstrated that for the 50% bpydc 1 µm MOF 
sample near quantitative metalation of bpydc sites in the framework was achieved (< 92% 
occupation of bpydc sites). The SEM/EDX analysis on the sample prepared with 2 eq. AgBF4 
confirmed that the Pd complex coordinated to the framework is the BF4- salt of 
[PdMe(MeCN)]+ as the F:Pd ratio is equal to 393.3 ± 8.9 %. It is worth noting that quantitative 
determination of low atomic weight elements is challenging, hence the presence of boron was 
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Table 4.2: Screening AgBF4 equivalents for optimised metalation of UiO-67-bpydc with 
[PdMe(MeCN)]BF4. 
Eq. AgBF4  






Pd : Zr  
(Atomic %) 
(SEM/EDX) 
Cl : Pd  
(Atomic %) 
(SEM/EDX) 
F : Pd  
(Atomic %) 
(SEM/EDX) 
1.5 eq. 46 42.9 ± 0.9  54.2 ± 0.8 142.3 ± 26.7 
2 eq. 46 41.7 ± 0.9 8.8  ± 0.9 393.9 ± 8.9 
3 eq. 46 42.3 ± 0.4 7.19 ± 0.9 340.9 ± 32.8 
Pdꞏ1 (2 eq) 46 36.3 ± 0.9 2.4 ± 0.7 290.6 ± 34.4 
 
Preliminary catalytic testing was conducted with 50% bpydc UiO-67 1 µm metalated 
with the Pd catalyst [PdMe(MeCN)]+BF4- (Pdꞏ1) in order to develop a reproducible and reliable 
ethylene oligomerisation protocol. The crystallinity of Pdꞏ1 was confirmed via PXRD, with 
the powder pattern matching that of phase pure UiO-67-bpydc (see Figure 4.19). SEM/EDX 
analysis of Pdꞏ1 revealed no change to the morphology of the crystals (see Figure 4.19), with 
no deposition of Pd or Ag on the surface of the crystals and a Pd:Zr of 36% (summarised in 
Table 4.2).  
 
Figure 4.19: a) PXRD patterns and SEM images of 1 µm UiO-67-bpydc0.5bpdc0.5 b) as-
synthesised  (black) and c) post-[PdMe(MeCN)]BF4 metalation (Pdꞏ1, red).  
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4.7. Gas-phase Catalytic Reactor Setup 
Two gas phase reactor setups were available for following the progress of ethylene 
oligomerisation, a batch reactor capable of high pressures and a flow reactor capable of high 
flow rates. The progress of the reaction can be followed in real-time by using a residual gas 
analyser (RGA) which is a low-pressure mass-spectrometer. Schematic representations of the 
batch and flow reactor setups are shown in Figure 4.20. When using a flow reactor, the RGA 
data is qualitative because the volume of the reaction cell varies (due to amount of glass wool 
used during sample preparation, see Appendix 4.13.6, Figure 4.A.8), but when using the batch 
reactor RGA data is quantitative. Furthermore, the RGA gives information about the reaction 
profile in terms of the fragmentation of reactants/products in the gas mixture; however, 
unfortunately isomers of key products such as 1-butene and 2-butene/isobutylene have 
identical fragmentation patterns, so the RGA cannot give information about isomer formation. 
The reaction gas mixture can also be analysed via gas chromatography coupled to a flame-
ionising detector (GC-FID), which can quantitatively determine the product distribution and 
distinguish between isomers of certain products. The limitation of the GC-FID is that you can 
only inject gas mixtures at ≤ 1 bar onto the column otherwise it is saturated with ethylene. 
Thus, when using the batch reactor this can only be done once per reaction, where the majority 
of the gas mixture must be evacuated to almost 1 bar before injection into the GC-FID. In the 
flow reactor set up the residual gas mixture (output from the exhaust of the back-pressure 
regulator) can be constantly passed into the injection chamber of the GC-FID at a pressure of 
1 bar and, multiple GC-traces can be taken across the course of the reaction. Considering the 
advantages and limitations of both the batch reactor and the flow reactor set up, initially 
ethylene oligomerisation reactions were tested in the batch reactor, with the progress of the 
reaction followed by RGA and the product distribution quantified after 1 h via GC-FID. 
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Figure 4.20: Schematic representations of the batch and flow reactors used during catalytic 
testing. 
4.8. Catalysis Experiments 
Initial gas phase catalysis screening under batch reactor conditions was conducted with 
Pdꞏ1 to confirm the activity of the catalyst under reaction conditions similar to those reported 
in the literature in liquid/gas phase reactors. The related palladium complex, with a different 
chelating phosphine ligand rather than UiO-67-bpydc, had previously been reported to catalyse 
the oligomerisation at between 200 - 600 psi (13.7 – 41.3 bar) and 22 – 75 °C.57 It was shown 
by Brookhart et al. that at high pressure and temperature their Pd catalyst produced primarily 
LAOs; hence, similar conditions were chosen for preliminary testing. Due to reaction cell 
limitations reaction pressures > 20 bar could not be maintained for safety reasons. Pdꞏ1 was 
activated under vacuum on the batch reactor at 50 °C overnight to remove excess solvent from 
the MOF pores. The batch reactor was cooled to 25 °C and Pdꞏ1 was exposed to ethylene 16.7 
bar for 0.5 h, while the progress of the reaction was monitored via the RGA. The batch reactor 
was heated to 75 °C and the reaction temperature was held constant for 1 h, then the final 
pressure was noted (13.7 bar) and the reaction cell was evacuated to 1 bar and the gas mixture 
was injected into the GC-FID.  
The pressure and temperature profile of the reaction were followed (see Figure 4.21), 
showing there is constant reduction in ethylene pressure even at room temperature, indicating 
the catalyst was consuming ethylene to produce longer oligomers. At 75 °C the rate of 
consumption of ethylene is increased and the RGA was able to detect an increase in production 
of m/z fragments 41 and 56. The 1° fragments of 1-butene and 1-hexene are m/z 41 and 56 
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respectively, but there will be contribution to both m/z 41 and 56 from 1-butene, 1-hexene and 
longer chain volatile oligomers.32 Since there is convolution in detected mass fragments via 
RGA the presence of 1-butene will be discussed as the evolution of m/z 41 and 56, 1-hexene 
is represented by m/z 69 and 84 and 1-octene corresponds to m/z 112 (the highest mass 
fragments for each oligomer).32 Unfortunately, this complication means that RGA data analysis 
is qualitative because there is no real-time way to distinguish between the contribution to 
different m/z values from the presence of different chain length oligomers. The RGA data in 
Figure 4.21 demonstrates that the catalyst is active in producing ethylene oligomers which 
fragment to m/z 41 and 56 (1-butene and 1-hexene at least). The activity is fairly linear for the 
production of m/z 41 and 56 over the course of 1 h of heating, with no apparent drop off in 
activity over a short time scale in the batch reactor.  
 
Figure 4.21: a) Reaction cell temperature, pressure, and b) production data for 1-butene (m/z 
41 and 56) for the first trial reaction for ethylene oligomerisation with Pdꞏ1 in the batch reactor. 
The product distribution of the first ethylene oligomerisation reaction catalysed by Pdꞏ1 
was quantified via GC-FID after 1 h of heating at 75 °C, see Figure 4.22. There is a considerable 
excess of ethylene in the gas mixture (78.9 %) followed by 1-butene (0.8 %), 1-butene isomers 
(9.6 %) and 1-hexene (10.6 %). The turn-over frequency (TOF = [mol (ethylene 
consumed)]/[mol (catalyst)] h-1) for this test reaction was 106.4 h-1 which is 90% of the 
equivalent homogeneous catalyst activity in comparable conditions in a gas/liquid phase 
reactor.57 The product distribution displayed in Figure 4.22 shows that 1-hexene was the 
primary product observed via GC-FID but there is a considerable contribution from 1-butene 
isomers. The possible isomers which can form are cis/trans 2-butene and isobutylene. 
Isomerisation occurs when the rate of chain transfer is slow (insertion of ethylene into the Pd 
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complex in the MOF), see schematic in Figure 4.18. In the reaction catalysed by Pdꞏ1 the 
ethylene concentration around the active sites is low enough for isomerisation of 1-butene to 
occur readily with a small proportion of linear 1-butene formed relative to other isomers. 
Additionally, there is a discrepancy of 388 µmol of ethylene equivalent molecules between the 
starting quantity of ethylene (2169 µmol) and the number of ethylene equivalent molecules 
detected via GC-FID (1781 µmol), where 1-butene and 1-hexene are equivalent to 2 and 3 
molecules of ethylene respectively. This discrepancy is likely due to the formation of longer 
oligomers of ethylene such as 1-octene and 1-decene which are not particularly volatile at 75 
°C, their boiling points are 121 and 170 °C respectively,32 and hence cannot be readily detected 
via gas-phase analytic techniques (GC-FID/RGA).  
 
Figure 4.22: GC-FID data of an ethylene oligomerisation reaction catalysed by Pdꞏ1 on the 
batch reactor, displaying the % contribution to the gas mixture as a whole and for the products. 
Post-catalysis, Pdꞏ1 was examined via PXRD and SEM to determine if deposition of 
longer chain polymers had occurred. PXRD of Pdꞏ1post batch cat (Pdꞏ1 post-catalysis) 
demonstrated a reduction in crystallinity with a masking of some of the primary reflections of 
UiO-67 with an amorphous phase and the presence of two primary reflections corresponding 
to crystalline polyethylene (see Figure 4.23). SEM analysis of Pdꞏ1post batch cat revealed that 
there is a surface coating on the MOF crystals which collected surface charge under the electron 
beam, indicating the presence of a non-conductive substance in SEM. It can be seen in Figure 
4.23 that although there are 1 µm MOF crystals present, they are surrounded by a polymer 
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coating, with visible strands extending between MOF crystals. SEM and PXRD analysis of 
Pdꞏ1post batch cat establish that the MOF catalyst becomes coated in polyethylene during the 
process of catalysing the oligomerisation of ethylene. Whilst this does not necessarily indicate 
that the catalyst is deactivated by the polyethylene coating, it does confirm the synthesis of 
long chain non-volatile ethylene oligomers (at 75 °C). 
 
Figure 4.23: a) PXRD of Pdꞏ1post batch cat demonstrating the presence of crystalline polyethylene 
at highlighted in by the red shaded box at 21.5º and b) an SEM image of polymer coating on 
the crystals of Pdꞏ1post batch cat, surface charging is indicative of an insulator present on the 
surface of the sample (polyethylene). 
The activity of Pdꞏ1 was also analysed on the flow reactor set up to better observe the 
profile of activity in real time. The major point of concern for the flow set up was controlling 
to pressure of the gas mixture which is fed into the RGA. Unlike the batch reactor set up this 
is controlled manually with a needle-valve and hence there is a lot more variability of pressure 
in the RGA, see schematic in Figure 4.18. A portion of Pdꞏ1 (10 - 60 mg) was activated under 
a flow of Ar (50 ml/min) at 50 ºC for 1 h, with the pressure held at 6 bar via a back-pressure 
regulator, prior to catalytic testing. The activity of Pdꞏ1 examined under 3, 6 and 12 bar of 
ethylene at a flow rate of 50 ml/min, at 30 ºC for 1 h and then at 75 ºC for 1 h. 3 bar of ethylene 
was not sufficient to observe conversion to longer oligomers at either temperature. With 6 bar 
of ethylene, products could be detected via both the RGA and on the GC-FID at 30 and 75 ºC 
(see Figure 4.24), and the pressure to the RGA could be regulated easily via the bleed-valve. 
When operating at a 12 bar back-pressure there were two problems; specifically, the pressure 
was very hard to regulate to the RGA resulting in no meaningful data collection and the catalyst 
was so active that a significant portion of pure polyethylene was formed and passed through 
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the 0.5 µm filter seal on the catalyst mount (see Appendix 4.13.6 for schematic details for the 
experimental set up). From these trial experiments the ideal reaction back pressure was 
determined to be 6 bar, ensuring modest catalytic activity which enabled the detection of 
products via RGA and GC-FID and easy regulation of pressure to the RGA. 
 
Figure 4.24: Reaction profile of ethylene oligomerisation catalysed by Pdꞏ1 (50 ml/min, 6 bar 
back pressure) on the flow reactor. The reaction profile is displayed as the contribution to the 
total pressure in the RGA (%) for 1-butene (m/z 41 and 56), 1-hexene (m/z 69 and 84) and 1-
octene (m/z 112). 
The reaction profile of ethylene oligomerisation catalysed by Pdꞏ1 under flow 
conditions reveals some interesting details about the activity of the catalyst. Upon heating the 
system to 75 ºC there is an increase in production of 1-butene (m/z 41 and 56 detected by the 
RGA) with maximum production occurring 20 minutes after heating began. While the reaction 
temperature was held constant, the production of 1-butene decreases without a significant 
increase in 1-hexene production (see Figure 4.24). This reaction profile indicates a possible 
deactivation of the catalyst after a period of rapid activity and/or the production of longer chain 
oligomers that are not volatile at 75 ºC, as discussed earlier. The flow reaction gas mixture was 
also analysed via GC-FID after 1 h of heating at 75 ºC, see Figure 4.25. There is considerably 
more ethylene (92.2 %) present in comparison to 1-butene (1.4 %), 1-butene isomers (4.4 %) 
and 1-hexene (2 %). Additionally, the product distribution at the lower pressure in the flow is 
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significantly different to that of the batch reaction, with more 1-butene/1-butene isomers 
produced relative to 1-hexene. It is also notable that at lower pressures more isomerisation of 
1-butene has occurred, with 1-butene isomers contributing more to the products (as detected 
via GC-FID) 56.5 % versus 45.5 % respectively for 6 and 13 bar, respectively. This is likely 
due to displacement of 1-butene/1-butene isomers from the active site by higher concentrations 
of ethylene at higher pressures. 
 
Figure 4.25: GC-FID data of an ethylene oligomerisation reaction catalysed by Pdꞏ1 on the 
flow reactor (50 ml/min ethylene at 6 bar), displaying the % contribution to the gas mixture as 
a whole and for the products. 
 Again, the used catalyst Pdꞏ1 (Pdꞏ1post flow cat) was examined via PXRD and SEM to 
determine whether long chain oligomers had formed. PXRD analysis of Pdꞏ1post flow cat again 
revealed a reduction in crystallinity and the presence of crystalline polyethylene (see Appendix 
4.13.7, Figure 4.A.9). Visual inspection of Pdꞏ1post flow cat and SEM analysis revealed that Pdꞏ1 
had agglomerated and coated with a thick coating of polymer. Prior to catalysis Pdꞏ1 is an off-
white microcrystalline powder. Figure 4.26 shows the polymer coating covering the surface of 
the crystals. Coupled with the reaction profile data in Figure 4.24, the deactivation seen can be 
directly attributed to formation of long chain non-volatile ethylene oligomers which stick to 
the surface of the crystals and, either blocks access of ethylene to active sites in the MOF or 
stops the diffusion of products out of the catalyst. The location of catalytic activity within the 
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crystals of Pdꞏ1 is unknown (either internal/external) hence, long chain oligomers could be 
forming from internal-active sites, thereby blocking the pores as well as forming at external 
surface-active sites. This observation underpins the importance of understanding the difference 
between surface and internal catalysis with MOFs. 
 
Figure 4.26: a) A photo of the catalyst pellet of Pdꞏ1 post-flow reaction, with the catalyst held 
in place by glass wool (top and bottom) and the crystals pellet comprising of Pdꞏ1 and a 
polymer coating and b) an SEM image of the catalyst pellet. 
4.9. Core and Core-Shell Catalysis Experiments 
 The impact of catalytic site localisation in UiO-67-bpydc for the catalysis of ethylene 
oligomerisation with a Pd catalyst was investigated by comparing the reaction activity profiles 
of core and core-shell samples under flow conditions. The samples used were core-UiO-67-
bpydc, core-shell UiO-67-bpydc⸦UiO-67-bpdc (1 and 3 cycles), reverse core-shell UiO-67-
bpdc⸦UiO-67-bpydc metalated with [PdMe(MeCN)]+BF4-, henceforth denoted as Pdꞏ2core, 
Pdꞏ2core-shell-1, Pdꞏ2core-shell-3 and Pdꞏ2rev-core-shell respectively. The metalation for each of these 
samples is displayed in Figure 4.27; for the large crystals of UiO-67-bpydc there is low uptake 
of Pd as detected via ICP-MS and SEM/EDX. The Pd:Zr ratios match the expected trends 
relative to the distribution of ligand in the composites: Pdꞏ2core has an equivalent metalation in 
the bulk as at the surface, Pdꞏ2core-shell-1 and Pdꞏ2core-shell-3 have lower Pd:Zr at the surface than 
in the bulk (within error) and, Pdꞏ2rev-core-shell has a higher surface ratio than in the bulk. The 
ICP-MS Pd:Zr ratio was subsequently used to calculate the mols of catalyst for each sample 
(see Appendix 4.13.8). Finally, the crystallinity for all samples was analysed via PXRD, with 
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all samples retaining long range order post metalation with [PdMe(MeCN)]BF4 and being 
topologically identical to UiO-67-bpydc (see Appendix 4.13.9, Figure 4.A.9). 
 
Figure 4.27: A comparison of the bulk and surface composition of metalated Pdꞏ2 samples 
including the bulk H2bpydc:H2bpdc (1H NMR, dark blue), the bulk Pd:Zr (ICP-MS, blue) and 
surface Pd:Zr (SEM/EDX, light blue). 
 The activity profiles for Pdꞏ2core and Pdꞏ2core-shell-1 for the catalysis of ethylene 
oligomerisation were directly compared, under the aforementioned flow conditions. The 
activity profiles are displayed in Figure 4.28 for both reactions. The reaction profile for Pdꞏ2core 
is similar to Pdꞏ1, characterised by rapid initial production of 1-butene (m/z 41 and 56) peaking 
within 15 min of heating to 75 ºC, followed by a relatively fast decline in activity. Both Pdꞏ2core 
and Pdꞏ1 have surface active sites, hence the deactivation of the catalysts could be a result of 
poisoning the surface catalyst sites by the production of polyethylene. Pdꞏ2core-shell-1 has a very 
different activity profile to Pdꞏ2core, initial activity starts later in the heating cycle 
(approximately 15 mins) and the peak in activity is much broader, with a slower decline in 
activity. Quantitatively, the core-shell sample Pdꞏ2core-shell-1 demonstrates only a 25% reduction 
in production of m/z 41 (1-butene) 25 minutes after peak activity, in comparison to 55% 
reduction for Pdꞏ2core.  
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Figure 4.28: Reaction profiles of ethylene oligomerisation catalysed by a) Pdꞏ2core and b) 
Pdꞏ2core-shell-1, displayed as the contribution to the total pressure in the RGA (%) for 1-butene 
(m/z 41 and 56), 1-hexene (m/z 69 and 84) and 1-octene (m/z 112). 
The product distribution of the gas mixture was analysed via GC-FID, after 1 h of 
heating at 75 ºC, for both samples (see Appendix 4.13.10, Figure 4.A.11). Pdꞏ2core produces a 
significant proportion of 1-butene (18%) and 1-butene isomers (64%) and some 1-hexene 
(18%), whereas Pdꞏ2core-shell-1 favours the production of longer chain LAOs producing more 1-
hexene (30%) than 1-butene (11%) but approximately the same proportion of 1-butene isomers 
(59%). The only difference between Pdꞏ2core and Pdꞏ2core-shell-1 is the location of active sites 
within the framework, localised throughout the framework and primarily towards the interior, 
respectively. The diffuse shell of Pdꞏ2core-shell-1 seemingly prolongs the catalytic activity and 
mildly alters the product distribution, shifting to longer LAOs. Longer LAOs may be favoured 
due to higher local concentrations of ethylene within the pore of the MOF, but since there is a 
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significant proportion of 1-butene isomers the concentration of ethylene must not be high 
enough to minimise 1-butene isomerisation.  
The activity of Pdꞏ2core-shell-1 was further analysed by conducting three successive 
catalytic experiments with the same catalyst and observing any variation in activity and product 
distribution. A portion of Pdꞏ2core-shell-1 was used to catalyse the oligomerisation of ethylene 
under flow conditions, after each active cycle the catalyst was outgassed with Ar (50 ml/min 
at 6 bar) for 1 h and subsequently evacuated overnight. The three successive catalytic cycles 
and the corresponding GC-FID product distributions are displayed in Figure 4.29. The reaction 
profiles for each cycle demonstrate a plateau in activity when held at 75 ºC with production of 
1-butene decreasing only when the reaction temperature is decreased. With each successive 
cycle there is, however, an overall reduction in percent contribution of 1-butene production to 
the gas mixture in the RGA, indicating a potential deactivation of the catalyst. The product 
distributions for all three cycles were identical, indicating that the catalyst retains the same 
selectivity despite overall activity appearing to decrease with successive cycles.  
In order to elucidate the source of deactivation of Pdꞏ2core and Pdꞏ2core-shell-1, the 
catalysts were analysed via PXRD and SEM post-catalysis. Pdꞏ2core and Pdꞏ2core-shell-1 were 
crystalline post-catalysis with PXRD analysis revealing the retention of long-range order and 
the presence of crystalline polyethylene for Pdꞏ2core and Pdꞏ2core-shell-1 after 3 cycles (see 
Appendix 4.13.11, Figure 4.A.12). There was no crystalline polyethylene present in the PXRD 
pattern for Pdꞏ2core-shell-1 after 1 cycle of catalysis. Additionally, SEM analysis revealed visible 
polymer on the surface of crystals of Pdꞏ2core and Pdꞏ2core-shell-1 after 3 cycles, but not a 
significant amount after only 1 catalytic cycle, (see Appendix 4.13.11, Figure 4.A.13). Hence, 
the production of long chain oligomers must occur over a longer period of time for samples 
with few surface-active sites such as Pdꞏ2core-shell-1. To test this hypothesis the reaction needed 
to be followed for a longer period of time with a core-shell candidate with the fewest surface-
active sites, Pdꞏ2core-shell-3. 
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Figure 4.29: Reaction profiles for three successive cycles of ethylene oligomerisation catalysed 
by Pdꞏ2core-shell-1, displayed as the contribution to the total pressure in the RGA (%) a) cycle 1, 
b) cycle 2, c) cycle 3, and d) GC-FID product distribution for each cycle 1 h into the reaction 
at 75 ºC. 
The catalytic activity of Pdꞏ2core-shell-3 was followed over 3 h at 75 ºC in order to gauge 
whether catalysis of ethylene oligomerisation within the pores of the framework would lead to 
catalyst deactivation over time. As shown in Figure 4.30, Pdꞏ2core-shell-3 remains active at peak 
1-butene production for 30 minutes, decreasing only by 20 %, but over a longer time scale this 
activity reduces to almost background levels (that of room temperature). GC-FID analysis of 
the gas mixture after 1, 2 and 3 h of heating showed that the product distribution remained the 
same, whilst the overall production of volatile oligomers decreased as seen in the RGA (see 
Appendix 4.13.12, Figure 4.A.14). While selectivity is retained and there is an increase in 
catalytic longevity by moving active sites away from the surface of MOF crystals, the activity 
of  Pdꞏ2core-shell-3 decreased over time, indicating deactivation of the catalyst still occurs. PXRD 
analysis of Pdꞏ2core-shell-3 post-catalysis revealed the presence of crystalline polyethylene, but 
via SEM very little polymer could be identified on the surfaces of the crystals (see Appendix 
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4.13.11, Figures 4.A.12 and 4.A.13). Long chain polymers may not be detectable via SEM or 
PXRD if they form within the pores of the framework and, are not regularly ordered. To 
examine this, gas adsorption experiments were conducted. 
 
Figure 4.30: Reaction profile of ethylene oligomerisation catalysed by Pdꞏ2core-shell-3, displayed 
as the contribution to the total pressure in the RGA (%) for a) 1 h and b) 3 h of heating at 75 
ºC. 
 Sorption analysis of Pdꞏ2core and Pdꞏ2core-shell-3 post catalysis was performed with N2 
(77 K) and CO2 (195 and 273 K) to ascertain whether porosity was retained despite apparent 
deactivation of the catalysts. Pre-catalysis both Pdꞏ2core and Pdꞏ2core-shell-3 are porous to N2 at 
77 K and CO2 at 195 and 273 K, as shown in Figure 4.31 and in Appendix 4.13.13 Figure 
4.A.15. Pdꞏ2core and Pdꞏ2core-shell-3 both display Type 1 isotherms with no hysteresis with N2 at 
Chapter 4   
- 206 - 
 
77 K, with maximum N2 uptake of 693 and 625 cm3/g respectively.33 The BET surface areas 
of Pdꞏ2core and Pdꞏ2core-shell-3 pre-catalysis are slightly lower than their pre-metalation 
counterparts; 2571 ± 3 and 2146 ± 3 m²/g, due to metalation with Pd. Neither the core or core-
shell samples retain porosity post-catalysis, with Pdꞏ2core and Pdꞏ2core-shell-3 being non-porous 
to N2 (77 K) and CO2 (195 and 273 K) post-catalysis. Hence, the surface areas of the two 
samples, post-catalysis, could not be determined. The lack of porosity coupled with the 
retention of long-range structural order (via PXRD) indicates that the pores of the framework 
in Pdꞏ2core and Pdꞏ2core-shell-3 are being blocked during catalysis. Pore blockage is therefore 
responsible for the deactivation of the catalysts, as previously observed.  
 
Figure 4.31: N2 77 K isotherms of a) Pdꞏ2core and b) Pdꞏ2core-shell-3 and CO2 195 K isotherms 
of c) Pdꞏ2core and d) Pdꞏ2core-shell-3 both pre- and post-catalysis. 
Deactivation occurred faster for Pdꞏ2core than Pdꞏ2core-shell-3 and hence the location of 
active sites must play an important role in the formation of polyethylene and catalyst poisoning. 
The pore blockage with polymer must occur faster for catalysts with surface-active sites, 
enabling the formation of polyethylene which coats the exterior of the crystals. However, for 
catalysts with active sites within the crystals, the formation of the polymer is slower and so 
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activity is retained for a longer period of time. To test this hypothesis a flow reaction was 
performed with a sample which had only surface-active catalytic sites, Pdꞏ2 rev-core-shell (reverse 
core-shell UiO-67-bpdc⸦UiO-67-bpydc metalated with [PdMe(MeCN)]BF4). The reaction 
profile for ethylene oligomerisation catalysed on the surface of Pdꞏ2 rev-core-shell is shown in 
Appendix 4.13.14, Figure 4.A.16. The drop off in activity of Pdꞏ2 rev-core-shell is similar to that 
of Pdꞏ2core with a 49 % reduction in activity from max production after 30 min relative to 64 
%. PXRD and SEM analysis confirmed that the deactivation observed for Pdꞏ2 rev-core-shell was 
due to the formation of polyethylene, with polymer visible on the surface of the crystals (see 
Appendix 4.13.11, Figures 4.A.12 and 4.A.13). For ease of comparison, deactivation data (flow 
conditions) is summarised in Figure 4.32. 
 
Figure 4.32: Percent change in m/z 41 (1-butene) production for 5 – 30 min post-max activity 
under flow reaction conditions for Pdꞏ1, Pdꞏ2 rev-core-shell, Pdꞏ2core, Pdꞏ2core-shell (1), Pdꞏ2 core-shell 
(1) (1-3 cycles) and, Pdꞏ2core-shell (3). 
 The localisation of active catalytic sites directly impacts the rate of deactivation of the 
catalyst for the gas-phase oligomerisation of ethylene. Samples with external active sites (Pdꞏ1, 
Pdꞏ2 rev-core-shell and Pdꞏ2core) demonstrate rapid deactivation, with a  ≥ 50% reduction in 1-
butene (m/z 41) production after 30 minutes. Conversely, for samples where the surface-active 
sites have been significantly diluted by forming a diffuse CS-MOF with an inert shell (Pdꞏ2core-
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shell (1), Pdꞏ2 core-shell (1) (1-3 cycles) and Pdꞏ2core-shell (3)) deactivation is much less significant 
after 30 minutes (decreasing by less than 25 %). As shown by Pdꞏ2core-shell (3), the deactivation 
occurs over a prolonged period of time, returning to baseline levels after 3 h after peak activity. 
Hence, for the gas phase oligomerisation of ethylene by [PdMe(MeCN)]BF4 dispersed 
throughout the UiO-67-bpydc framework, catalyst poisoning will occur due to the formation 
of polyethylene which blocks access to active sites, but the rate of catalyst poisoning can be 
reduced through precise control of the spatial distribution of active sites. In the gas phase there 
is no way to remove long chain oligomers, which coat the crystal surfaces/block the pores, 
from the catalyst because the reaction is only held at 75 ºC and long chain oligomers are not 
particularly volatile at this temperature. Conducting a similar reaction with the MOF catalyst 
suspended in a solvent might prolong catalyst activity further, by solubilising long chain 
oligomers, but there would be no easy way to follow the real-time activity profile of the 
reaction.  
Surface passivation of catalyst with polymer coatings of polymethyl acrylate, 
polystyrene and polyimide was also attempted, but ultimately this was unsuccessful. The 
polymer coatings offered no protection from the aforementioned deactivation pathways during 
catalysis, i.e. polyethylene formation in the pores and at the surface of the MOF, hence this 
work was not discussed in detail in this chapter but is summarised in Appendix 4.13.15. 
4.10. Summary 
 In summary, the impact of catalyst site location of MOFs on the activity and product 
distribution for gas phase ethylene oligomerisation was investigated using bespoke core-shell 
MOF catalysts. The core-shell UiO-67-bpydc⸦UiO-67-bpdc frameworks were synthesised via 
crystal engineering techniques, such as coordination modulation and SALE; which enabled the 
synthesis of large 50 µm crystals, the removal of ligand defects and the installation of H2bpdc 
primarily at the exterior of the crystal surface. The homogeneous catalyst [PdMe(MeCN)]+, 
initially reported by Brookhart et al., was incorporated into the CS-MOFs as its BF4- salt.57 The 
palladium catalyst was the first of its kind to be incorporated into a MOF which did not require 
an activator such as MAO or AlR3 to catalyse the oligomerisation of ethylene. The palladium 
catalyst coordinated to the framework demonstrated 90% of its homogeneous counterparts’ 
activity, under similar reaction conditions (albeit in a solid-gas phase reaction).57 Catalysis 
testing revealed catalyst deactivation from the production of non-volatile long chain ethylene 
oligomers, with catalyst longevity being shown to be improved by diluting the number of 
surface active sites through the implementation of core-shell catalysts.  
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A limitation of CS-MOF synthesis via slow diffusion SALE was the formation of a 
diffuse shell rather than a well-defined core-shell boundary. Alternate techniques such as 
epitaxial growth of a shell could be implemented, with the steric bulk of the shell ligand 
defining the quality of the core-shell boundary.16 Using an epitaxial growth strategy the 
synthesis of a range of CS-MOFs with a UiO-67-bpydc core and a shell of varied steric bulk 
could be undertaken and the impact of guest diffusion and pore confinement effects could be 
further probed. Additionally, the catalyst used, while active and interesting in its own right, 
might not be the best catalyst to investigate pore confinement effects in the framework or 
catalyst stability. The ideal reaction to probe this would have product distributions directly 
affected by access to the active site by reagents/deactivating agents; such reactions include 2-
butene isomerisation and hydroformylation, as discussed in Chapter 3.60-61 
4.11. Experimental 
4.11.1. Materials and Measurements 
Unless otherwise stated, all chemicals were obtained from commercial sources and used 
as received. MeCN was distilled over CaH2 under N2 and degassed with Ar prior to use. NMR 
spectra were recorded on a Varian 500 MHz spectrometer at 23 ºC using a 5 mm probe. MOF 
samples (1 – 5 mg) were digested in DCl/d6-DMSO (2 drops of DCl/ 600 µl d6-DMSO) at 85 
°C, stirred at 500 rpm for 30 min – 1 h, or until fully dissolved, prior to NMR analysis. Powder 
X-ray diffraction data were collected on a Bruker Advanced D8 diffractometer (capillary stage) 
using Cu Kα radiation (λ = 1.54056 Å, 40 kW/ 40 mA, 2θ = 2 – 52.94°, Phi rotation = 20 
rotation/min at 1 sec exposure per step, with 5001 steps using 0.5 mm glass capillaries). 
Scanning Electron Microscope (SEM) images were collected on a Phillips XL30 scanning 
electron microscope in secondary electron mode, (spot size 3 and 10 KeV). Some SEM images 
were collected on a Quanta450 scanning electron microscope with the same settings as the XL-
30. Electron Dispersive X-ray Analysis was collected with an Oxford Instruments Ultim Max 
170 EDX attachment on the Phillips XL30/Quanta 450 (spot size 4, 15 KeV). Samples for SEM 
analysis were dry loaded onto adhesive carbon tabs on aluminium stubs and carbon coated (5 
nm) prior to analysis. Inductively coupled plasma mass spectrometry was performed on a 
Solution 7500CS ICPMS spectrometer at Adelaide microscopy on samples digested in 5% 
HNO3 in MilliQ water at 65 ºC as outlined in Chapter 3. Infrared spectra were collected were 
collected on a Perkin-Elmer Spectrum 100 using a UATR sampling accessory with dry samples 
loaded on NaCl disks in Paratone-N oil. Raman spectra were collected using a delta-Nu 
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Advantage 200A Raman spectrophotometer, using a 532nm laser for excitation, ×50 objective 
lens, acquisition time 1 s, RTD 1, Acc 1 with the grating set at 600 gr/nm. 
4.11.2. Synthetic Methods 
2,2’-bipyridine-5,5’-dicarboxylic acid (H2bpydc) 
 H2bpydc was prepared according to a literature procedure with minor alterations, as 
outlined in the experimental section 3.8.2.62  
UiO-67-bpydc Truncated Octahedron 50 µm crystals:  
ZrCl4 (63.54 mg, 0.273 mmol), bpydc (66.6 mg, 0.277 mmol) and trifluoroacetic acid 
(1.66 ml, 21.69 mmol, 80 equivalents) were dissolved in DMF (10 ml) in a 20 ml Teflon capped 
Wheaton vial and sonicated for 1 h until fully dissolved. The solution was heated in an oven 
for 7 days at 120 ºC. The resulting crystals on the sides of the container were collected and 
washed DMF (3×10 ml) and MeCN (3×10 ml) resulting in pure single crystals of UiO-67-
bpydc. 
UiO-67-bpydc0.5bpdc0.5: 
 UiO-67-bpydc0.5bpdc0.5 was synthesised as outlined in experimental section 3.8.2. 
[PdMe(COD)]Cl:  
 [PdMe(COD)]Cl was prepared according to literature protocol.59, 63 In a 100 ml Schlenk 
tube PdCl2 (0.50 g, 1.75 mmol) was dissolved in DCM (12.50 ml) and the solution was 
degassed with Ar for 5 minutes. SnMe4 (0.29 ml, 2.10 mmol, 1.20 eq.) was added to the reaction 
vessel and the solution was further degassed for 5 min with Ar. The reaction was stirred at 
room temperature for 4-7 days in darkness until the solution lost its yellow colouration. The 
pale-yellow solution was filtered over Celite and the solvent was removed under reduced 
pressure at 0 ºC. The off-white powder was washed with diethyl-ether (1-5 ml) to remove the 
bi-product SnMe3Cl. [PdMe(COD)]Cl was then crystallised from chloroform as an off-white 
powder (216 mg, 0.81 mmol, 46 %). 1H NMR was consistent with previous reports.63 1H NMR 
(500 MHz, CDCl3) δ = 5.93 (m, 2H), 5.16 (m, 2H), 2.53 (m, 8H) and 1.20 (3H, s).  
[(COD)PdMe(MeCN)]BF4:  
 [(COD)PdMe(MeCN)]BF4 was prepared according to literature protocols with small 
alterations, no characterisation of the intermediate was performed as this species was 
immediately coordinated to UiO-67-bpydc species.57 [PdMe(COD)]Cl (18.77 mg, 70.6 µmol) 
was dissolved in distilled MeCN (10 ml) in a 50 ml Schlenk tube and the solution was degassed 
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with Ar for 5 minutes. AgBF4 (27.62 mg, 141.2 µmol, 2 eq.) was added to the stirring solution 
and the solution was stirred for a further 2 h under an atmosphere of Ar in darkness. The 
solution was filtered via a canula with a cotton wool plug and filter-paper into a separate vial 
with positive Ar pressure, then degassed with Ar and stored under Ar at 3 ºC until the solution 
was used for metalation. 
Metalation of UiO-67-bpydc with [(COD)PdMe(MeCN)]BF4: 
 A sample of UiO-67-bpydc (10 mg, solvent exchanged from distilled MeCN, 10 ml × 
3) was added to the solution of [(COD)PdMe(MeCN)]BF4 in MeCN (10 ml, 70.6 µmol). The 
vial was degassed with Ar for 5 min, then sealed and stored in darkness at 3 ºC for 3 days. The 
solution was removed, and the off-white/yellowish MOF crystals were solvent exchanged with 
distilled MeCN (10 ml × 7) and stored at 3 ºC in MeCN in darkness until ready for catalytic 
experiments. Samples were analysed via SEM/EDX and via ICP-MS post HNO3 digestion to 
analyse the Zr:Pd.  
Metalation of UiO-67-bpydc with [Rh(COD)Cl]: 
 Samples of UiO-67-bpydc were metalated with [Rh(COD)Cl]2 following protocols 
outlined in experimental section 3.8.2. 
Ligand Modulator Exchange (benzoic acid): 
 Single crystals of UiO-67-bpydc (10-30 mg dried from distilled MeCN) were dispersed 
in a solution of benzoic acid (8%, 0.65 M, 20 ml) in DMF in a 20 ml screw capped (Teflon 
cap) Wheaton vial. The solution was heated in an oven at 85 ºC overnight without agitation. 
The solution was cooled to room temperature and then the MOF crystals were solvent 
exchanged with DMF (10 ml × 5). Prior to NMR analysis samples were solvent exchanged 
with distilled MeCN (10 ml × 5) then dried under vacuum in a desiccator. 
Ligand Modulator Exchange (phenylphosphinic acid): 
 Single crystals of UiO-67-bpydc (10-30 mg dried from distilled MeCN) were dispersed 
in a solution of phenylphosphinic acid (0.01 M, 20 ml) in DMF in a 20 ml screw capped (Teflon 
cap) Wheaton vial. The solution was heated in an oven at 85 ºC overnight without agitation. 
The solution was cooled to room temperature and then the MOF crystals were solvent 
exchanged with DMF (10 ml × 5). Prior to NMR analysis samples were solvent exchanged 
with distilled MeCN (10 ml × 5) then dried under vacuum in a desiccator. 
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Healing Protocol with H2bpydc: 
 Modulator exchanged single crystals of UiO-67-bpydc (10-30 mg) were soaked in a 
solution of H2bpydc (2.5 mM, 20 ml) in DMF in a 20 ml screw capped (Teflon cap) Wheaton 
vial. The solution was heated in an oven at 85 ºC overnight without agitation. The solution was 
cooled to room temperature and then the MOF crystals were solvent exchanged with DMF (10 
ml × 5). Prior to NMR analysis samples were solvent exchanged with distilled MeCN (10 ml 
× 5) then dried under vacuum in a desiccator. 
Slow diffusion solvent assisted linker exchange of “healed” UiO-67-bpydc with H2bpdc: 
 Dry healed single crystals of UiO-67-bpydc (dried from distilled MeCN in a desiccator) 
were transferred to a 20 ml screw capped (Teflon cap) Wheaton vial. A room temperature 
solution of H2bpdc (2.5 or 5 mM) in DMF was added to this vial (1 ml per 3.42 mg of dried 
MOF to achieve the desired ligand ratios of 2:1 of 4:1, H2bpydc:H2bpdc, in the reaction 
mixture). The reaction mixture was held at varied temperatures (25, 50, 80, 120 ºC) in an oven 
for a variety of different time scales (10 - 30 mins and 1 – 24 h) before the reaction was halted 
by cooling the solution on ice for 5 minutes and solvent exchanging the MOF crystals with 
DMF (10 ml × 5). Prior to NMR analysis samples were solvent exchanged with distilled MeCN 
(10 ml × 5) then dried under vacuum in a desiccator. Unless otherwise stated, ligand solutions 
were added to the MOF crystals at room temperature. 
Polymer Coating of UiO-67-bpydc0.5bpdc0.5: 
 Polymer coating of UiO-67-bpydc0.5bpdc0.5 with PMA poly(methyl acrylate) and PS 
(polystyrene) was done by collaborators Tao Li et. al. following protocols outline in 
literature.64 This coating was done prior to metalation with [(COD)PdMe(MeCN)]BF4 in 
MeCN, the samples were prepared by Tao Li et.al. and resolvated with MeCN prior to 
metalation. 
Polyimide (PI) coating of UiO-67-bpydc0.5bpdc0.5 was done post metalation with 
[(COD)PdMe(MeCN)]BF4. A sample of metalated UiO-67-bpydc0.5bpdc0.5 (60 mg) was 
dispersed in chloroform (15 ml, dried over MgSO4) containing polyimide (7.5 mg), the solution 
was stirred at room temperature. The MOF-polymer composite was precipitated out of solution 
with addition of petroleum ether (15 ml) while stirring the solution. The composite was 
centrifuged and washed with 1-pentane (× 5) then dried in an oven at 60 ºC. The sample was 
analysed via SEM and PXRD to confirm crystallinity and morphology retention.  
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4.11.3. Gas Adsorption Analysis 
Activation Protocol: 
 In a typical activation procedure, crystals of UiO-67-bpydc were solvent exchanged 
with DMF (10 ml × 5) over a 1-day period and the distilled MeCN (10 ml × 5) over a 1-day 
period. The samples were then dried in a desiccator for 1 h then transferred into sorption 
analysis tubes. The samples were then dried under a vacuum at 150 ºC for 3 h to yield activated 
samples. 
Gas Adsorption Measurements: 
 Gas adsorption isotherms were measured using volumetric methods on a micromeritics 
3-Flex analyser (Micromeritics Instrument Corporation, Norcross, GA, USA) at 77, 195 and 
273 K (using a cryo-cooler circulator). Brunauer-Emmett-Teller (BET) surface areas were 
calculated using experimental points at relative pressure of P/P0 = 0.05-0.25. Pore size 
distributions were calculated from N2 using DFT modelling software on a Micromeritics 3-
Flex analyser. UHP grade (99.999 %) N2 and (99.999 %) CO2 was used for all measurements. 
4.11.4. Catalysis Experiments 
Batch Instrumentation: 
 Batch gas phase catalytic experiments were carried out using a custom-built high 
temperature and high-pressure pulse-gas sampling equipment coupled with a mass 
spectrometer for real-time analysis of the reaction mixture.65 The batch reaction cell has an 
internal volume of 3.26 mL and is in direct contact with a copper block containing a 100 W 
heater cartridge controlled by a proportional-integral derivative (PID) temperature controller 
(CAL Controls, Cal 3300) and K-type thermocouple attached to the side of the cell. The 
pressure in the batch reaction cell is monitored by a piezoresistive manometer (Keller, Leo 
Record series, 30 bar range). The cell is connected to a pulsed nozzle (Parker, Series 9 Pulse 
Valve) which is used to pulse controlled amounts of gas from the reaction cell via a 1/16" 
stainless steel tube into the vacuum system, comprised of a residual gas analyser (RGA) for 
sampling of the gas mixture (vide infra). The pulsed nozzle is driven by a custom-built pulsed 
nozzle driver connected to the acquisition computer and controlled by LabVIEW software. 
Typical pulse rates range from 0.3 to 20 Hz with a pulse width of 29 to 34 ms and is controlled 
in real-time via a PID software controller in the LabVIEW code. This controller allows precise 
regulation of the amount of gas being delivered, while maintaining a constant pressure level in 
the vacuum system (typically 2.00×10−6 Torr) to allow for reliable operation of the RGA at 
Chapter 4   
- 214 - 
 
calibrated pressures. The gas phase reaction mixture can also be analysed using a gas 
chromatograph (SRI-8610C MG#3 model) which is directly connected to the reaction cell.  
Flow Instrumentation: 
 Flow gas phase catalytic experiments were carried out using a custom-built flow reactor 
coupled to a mass spectrometer for real-time analysis of the reaction mixture. The flow reactor 
is a brass 1/4" tube fitting with two male connectors at either end, capped with a 1/4" stainless 
steel VCR silver plated snubber gasket with a 0.5 µm mesh. Inside the flow reactor the sample 
is suspended between packed glass wool. The temperature of the flow reactor was controlled 
by a PID temperature controller (CAL Controls, Cal 3300) and K-type thermocouple attached 
to the side of the cell. As shown in in Figure 4.20, the flow reactor is connected to two mass 
flow controllers (Anri Instruments and Control Ltd, FG-201CV-AAD-88-V-DA-A1V) by 1/8" 
stainless steel tube. The mass flow controllers are controlled by setting the pressure in/outlet 
for ethylene and argon gasses using the FlowTune V2.08 program (Bronkhorst), the outlet 
pressures were set at 6 bar and inlet pressures set at 7 and 10 bar for argon and ethylene 
respectively. The flow rate of gasses was controlled using the FlowView V.123 software with 
flow rates set between 0 and 75 ml/min. The pressure of the flow system was set via a N2 
pressurised back pressure regulator set at 6 bar, which was directly connected to the exhaust 
via the GC-FID. The flow reactor is also connected to the RGA via a silica capillary (100 µm 
× 363 µm fused silica tubing, SGE Analytical Science), held at 120 ºC, which reduces the 
pressure to < 1 mbar. The reaction mixture is pulled through the silica capillary by a rotary 
pump, with a portion of the gas mixture being siphoned off via a needle valve to regulate the 
amount of gas being delivered to the RGA vacuum system (typically 2.00×10−6 Torr) to allow 
for reliable operation of the RGA. 
RGA: 
 Gas mixtures are analysed by an RGA (Stanford Research Systems, RGA200) which is 
housed in a vacuum chamber with an electron multiplier, controlled via Stanford Research 
Systems RGA software for data collection. Pressure is measured by a Bayard-Alpert ionisation 
gauge with a tungsten filament (Duniway, T-CFF-275) monitored via a combined ion and 
thermocouple controller (Agilent Technologies, XGS-600). The system is pumped via an oil-
free turbo-pump (Agilent TwisTorr 84FS) backed by a rotary vane pump (Edwards, E2M8) 
with an oil trap (Duniway IFT-NW25-4).  
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The m/z 41 peak used to quantify the production of 1-butene was calibrated using a CO2/1-
butene mixture of 1.68 bar 1-butene and 1.94 bar CO2 with a total pressure of 3.63 bar in the 
reaction cell. Note this calibration is only valid for batch reaction analysis. 
Gas Chromatography: 
 Gas chromatography analyses were carried out with an SRI-8610C (MG#3) instrument 
with FID detector with methaniser. The first chromatographic column was a S.S. molecular 
sieve 13X packed column (6' length, 1/8" O.D.) followed by a S.S. Haye Sep D packed column 
(6' length, 1/8" O.D.) with argon as the carrier gas. Initial oven temperature was 50 °C held for 
5 minutes, followed by a ramp at 20 °C/min to 150 °C and held for 15 minutes, the temperature 
was then ramped at 10 °C/min to 250 °C and held for a further 10 minutes. Injection port 
temperature was 60 °C, and methaniser was 300 °C. Pressure of was initially held at 3 PSI for 
0.03 min, increased to 20 PSI and held for 2 min, then further increased to 40 PSI and held for 
3.8 min and subsequently decreased to 0 PSI and held for 42 min. 
Experimental details (Batch reactor): 
 Pdꞏ1 (UiO-67-bpydc0.5bpdc0.5ꞏ[PdMe(MeCN)]+BF4-, 12.5 mg, 10.3 µmol Pd) was 
loaded into a stainless-steel sample holder capped by a VCR gasket with a 0.5 µm filter and 
placed in the batch reactor cell. After sealing the reaction cell, the sample was evacuated for 1 
h under high vacuum, then the sample was activated by heating to 50 °C under high vacuum 
for 24 h. Once the reaction cell cooled to room temperature (25 °C) ethylene was introduced 
into the reaction cell (16.7 bar). The reaction was continuously monitored immediately after 
the ethylene was introduced by pulsing a small amount of gas (2.00×10−6 Torr) into the 
vacuum chamber. The reaction was left at room temperature for 0.5 h, then heated at 75 °C for 
1 h. The reaction was then stopped, and the gaseous reaction mixture was analysed via gas 
chromatography. 
Experimental details (Flow reactor): 
 Dried palladium metalated samples of UiO-67-bpydc (see below for masses and Pd 
loadings) were suspended between two pieces of glass wool in the flow reactor cell. The cell 
was attached to the flow rig set up, capped by two silver plated VCR gaskets with 0.5 µm filters 
on either end. After sealing the cell, Ar was flowed over the sample (50 ml/min at 6 bar) at 50 
ºC for 1 h. The reactor was cooled to 30 ºC and ethylene was introduced into the reactor (50 
ml/min at 6 bar). The reaction was continuously monitored after ethylene introduction with the 
pressure to the vacuum chamber controlled by a needle valve to maintain a constant pressure 
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for the RGA (2.00×10−6 Torr). The reaction was left at 30 ºC for 1 h, then the cell was heated 
to 75 ºC for between 1-3 h then cooled to 30 ºC. The gas mixture was analysed at 1 h intervals 
via gas chromatography after introduction of ethylene to the reactor for the duration of the 
reaction. 
 Cycling experiments followed the experimental procedure as described above, but after 
1 h of heating the sample was exposed to Ar (50 ml/min at 6 bar) for 1 h at 30 ºC and then left 
under high vacuum overnight before the next cycle.  
Palladium Content in Catalysts: 
Table 4.11.1: Summary of Pd content in catalysts used for batch and flow reactions. 
Sample Reactor Used Pd : Zr  
(aSEM/EDX, 
 bICP-MS, %) 
Sample Mass 
(mg) 
Pd catalyst in 
sample (µmol) 
Pdꞏ1  Batch 41.7 ± 0.9 a 12.5 10.3 
Pdꞏ1  Flow 41.7  ± 0.9 a 63.9 52.5 
Pdꞏ1PMA  Flow 65.8  ± 7.9 a 16.5 20.9 
Pdꞏ1PS Flow 3.1 ± 1.3 a 19.2 0.2 
Pdꞏ1PI Flow 35.5 ± 0.7 a 31.4 25.2 
Pdꞏ2core Flow 11.4 ± 0.0 b 27.6 8.2 
Pdꞏ2core-shell (1) Flow 7.0 ± 0.1b 30.7 5.8 
Pdꞏ2core-shell (3) Flow 9.2 ± 0.1 b 40.1 9.8 
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4.13. Appendix 
4.13.1.  Calculations for the defect analysis of displayed in Table 4.1 
 The number of ligand (H2bpydc) and acid (BA or PPA) molecules and hence the 
percentage ligand defects per Zr-oxo node were calculated as follows from the 1H NMR spectra 
of digested samples. The normalised integration (Inorm (x)) for the acid and ligand was calculated 
by integrating all of the peaks corresponding to the ligand and the acid and dividing them by 




The ratio between the normalised integration of the acid and the ligand was then determined 
(R, where R = Inorm (acid):Inorm (ligand)). The number of acid molecules (X) per Zr-oxo node can 
then be calculated using this ratio (given by 𝑋  
.
). Consequently, the number of ligand 
molecules per Zr-oxo node can be calculated (given by 6-0.5R). The calculations satisfy the 
general equation for the empirical formula of UiO-67 which is given by Zr6O4(OH)4L(6+0.5X)Ax 
where L and A correspond to the ligand and acid modulator, respectively. The percentage 
defects per Zr-oxo node could then be calculated by dividing the number of ligand molecules 
(L) by the number of Zr atoms (6) per Zr-oxo node, subtracting this value from 1 and 
multiplying by 100. The calculated values for the acid to ligand, the number of acid molecules 
and the ligand molecules in the formula, the ligand to Zr ratio and the % ligand defects per Zr-
oxo node are displayed in Table 4.1. 
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4.13.2.  Initial screening of CS-MOF synthesis conditions  
Initial slow diffusion SALE conditions were screened with non-healed core crystals by 
varying the time, temperature, solvent, and concentration of the shell ligand. These initial tests 
were conducted with non-healed core crystals with a H2bpdc solution (5 mM in DMF, 1 ml per 
3.42 mg of MOF) held at 25, 50 and 85 °C for 1, 4 and 24 h time periods, (refer to experimental 
section 4.11.2 for more detailed set up). There is 9.5 µmol of H2bpydc in 3.42 mg of UiO-67-
bpydc and in 1 ml of a 5 mM solution of H2bpdc in DMF there is 4.75 µmol H2bpdc, meaning 
that between ratio of H2bpydc (in the MOF) to H2bpdc (in the solution) is 66.6%. SEM/EDX 
analysis of these initial tests revealed that the Rh:Zr was tended to 66% for all samples after 24 
h of exchange, (see Figure 4.A.1). The more energy given to the sample solution the faster the 
Rh:Zr tended towards an equilibrium of 66.6% within a margin of error (mass of MOF sample 
used and error in EDX analysis). Since the H2bpydc:H2bpdc (overall) is equal to the Rh:Zr it 
can be concluded that the conditions used for slow diffusion SALE have resulted in 
homogeneous SALE over time. These results indicate that SALE will occur even at room 
temperature and that small timescale exposure to the solution will likely limit diffusion and the 
possibility of statistical rearrangement of component ligands. DMF is a good solvent for 
H2bpydc, which might be why homogeneous SALE was favoured even at room temperature.  
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Figure 4.A.1: Time and temperature impact on slow diffusion SALE experiments with DMF 
in UiO-67, following the Rh:Zr via SEM/EDX of solvent exchanged and dried samples at 1, 4 
and 24 h timepoints for solutions heated at 25, 50 and 85 °C. The dotted red line indicates the 
overall ratio of H2bpydc:H2bpdc for the H2bpydc in initially in the MOF framework and 
H2bpdc in the solvent mixture = 66.6%. 
In order to investigate the impact of solvent on slow diffusion SALE as well as ligand 
concentration other solvents and lower ligand concentrations were used (because the H2bpdc 
is relatively insoluble in most solvents besides DMF). Solvents with a poorer solubility for 
H2bpdc were tested at a shorter time scale (0.5 h), lower ligand concentration (2.5 mM H2bpdc) 
and at room temperature to further favour slow diffusion of H2bpdc into the framework, (see 
Figure 4.A.2). After 0.5 h for all solvent systems used the Rh:Zr approximately matches the 
H2bpydc:H2bpdc (overall) which is 0.8 or 80 % (represented as the red dotted line on Figure 
4.A.2). These results indicate that even under favourable conditions for slow diffusion SALE, 
H2bpdc is diffuses into the MOF and exchanges homogeneously throughout the framework.  
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Figure 4.A.2: Solvent effects on slow diffusion SALE at lower ligand concentrations and 
shorter time scale. The dotted red line indicates the overall ratio of H2bpydc:H2bpdc for the 
H2bpydc in initially in the MOF framework and H2bpdc in the solvent mixture = 80%. 
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4.13.3.  SEM images of CS-MOF candidates synthesised via slow-diffusion SALE 
 
Figure 4.A.3: SEM images of UiO-67-bpydc after slow diffusion SALE with 2.5 mM H2bpydc 
in DMF at a)/e) 25, b)/f) 50, c)/g) 80 and d)/h) 120 ºC for 0.5 and 1 h respectively. 
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4.13.4.  PXRD analysis of core and core-shell samples  
 
Figure 4.A.4: PXRD patterns of simulated (black), “healed” core (blue) and core-shell 
(synthesised from 3 successive cycles of slow diffusion SALE, green) UiO-67-bpydc samples. 
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4.13.5.  Characterisation of reverse CS UiO-67-bpdc⸦UiO-67-bpydc 
 
 
Figure 4.A.5: SEM image of a sample of UiO-67-bpdc, synthesised with 80 eq. TFA at 120 °C 
for 7 d, the as-synthesised single crystals are approximately 100 µm in size. 
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Figure 4.A.6: PXRD patterns of samples of 100 µm UiO-67-bpdc, as-synthesised (black), 
exchanged with benzoic acid (BA, 0.65 M in DMF at 85 °C for 24 h, red), “healed” with ligand 
exchange with H2bpdc (2.5 mM,  in DMF at 85 °C for 24 h. blue) and a core-shell sample 
synthesised via slow diffusion SALE with H2bpydc as the shell ligand (2.5 mM 20 min at 120 
°C, pink).  
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Figure 4.A.7: a) 1H and b) 19F NMR spectra of DMSOd6/DCl digested samples of UiO-67-
bpdc, as-synthesised (black), benzoic acid exchanged (red), “healed” with H2bpydc (blue) and 
Core-Shell (pink). These spectra demonstrate that with subsequent exchange and healing steps 
TFA and BA modulators are removed leaving a ligand defect free framework, additionally a 
core-shell composite was synthesised via slow diffusion SALE with H2bpydc as the shell 
ligand. 
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4.13.6.  Schematic of Flow Reactor Sample Holder 
 
 
Figure 4.A.8: Schematic of the flow reactor sample holder, where the catalyst packed in place 
between two pieces of glass wool (above and below). The sample holder is screwed into on the 
flow reactor with seal frits (with a 0.5 µm mesh filter) in place at either end of the sample 
holder. 
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4.13.7.  PXRD analysis of post-flow reaction Pdꞏ1 
 
Figure 4.A.9: PXRD patterns of simulated UiO-67-bpydc (black) and Pdꞏ1 post flow catalysis 
(red) with the peaks associated with crystalline polyethylene highlighted in the red shaded box 
at 21.5º. 
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4.13.8.  ICP-MS Analysis of Pdꞏ2 samples 
 The molecular formula for each sample is determined by combining 1H NMR 
spectroscopy data with elemental analysis of Pd:Zr ratio via either ICP-MS or EDX. 1H NMR 
spectroscopy data provides the H2bpydc:H2bpdc ratio of the sample in the bulk, enabling 
assignment of x and y in the molecular formula Zr6(OH)4O4(bpydc)x(bpdc)y, x + y = 6 because 
there are 6 ligands per Zr node in the framework. Elemental analysis of the MOF samples gives 
the Pd:Zr ratio (Pdratio), hence the amount of Pd associated with the formula equals Pdratio × 6 
as there are 6 Zr atoms in the formula. The molecular weight (MW) for the repeating unit of 
the metalated MOF can be calculated (MWPS-met) by adding the MW of the bare framework 
with Pdratio × 6 × MW([Pd(MeCN)Me]BF4). The number of milli-moles of the repeating unit 
per mg of sample can be calculated by dividing 1 by MWPS-met and this can be converted to 
µmol (repeating unit)/mg (sample) by multiplying by 1000. The number of moles of the 
palladium catalyst per mg of sample can be calculated by multiplying this value by Pdratio × 6. 
And subsequently the moles of palladium catalyst in each sample is calculated by further 
multiplying by the mass of the sample used. A summary of the µmol of palladium catalyst in 
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4.13.9.  PXRD Analysis of Pdꞏ2 samples pre-catalysis 
 
Figure 4.A.10: PXRD patterns of simulated UiO-67-bpydc (black), and samples metalated with 
[PdMe(MeCN)]+BF4- (pre-catalysis) including; Pdꞏ2core (navy blue), Pdꞏ2core-shell-1 (blue), 
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4.13.10. GC-FID analysis of Pdꞏ2 samples 
 
 
Figure 4.A.11: GC-FID analysis of gas mixture 1 h into ethylene oligomerisation reaction 
catalysed by Pdꞏ2core and Pdꞏ2core-shell-1, showing the contribution of products (%) of 1-
butene, 1-butene isomers and 1-hexene. 
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4.13.11. PXRD and SEM Analysis of Pdꞏ2 samples pre- and post-catalysis 
 
Figure 4.A.12: a) PXRD patterns of simulated UiO-67-bpydc (black), and post-catalysis 
samples including; Pdꞏ2core, Pdꞏ2core-shell-1 (1st cycle), Pdꞏ2core-shell-1 (3rd  cycle),  Pdꞏ2core-shell-3 
(3 h), and Pdꞏ2rev-core-shell. Increased magnification of a) in b) highlights the 21.5 º peak for 
crystalline polyethylene present in some of the samples post-catalysis (highlighted in the 
shaded red box). 
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Figure 4.A.13: SEM images of post-catalysis samples including; a) Pdꞏ2core, b) Pdꞏ2core-shell-1 
(1st cycle), c) Pdꞏ2core-shell-1 (3rd  cycle), d) Pdꞏ2core-shell-3 (3 h), and e-f) Pdꞏ2rev-core-shell. 
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4.13.12. GC-FID analysis of Pdꞏ2core-shell-1 
 
 
Figure 4.A.14: GC-FID analysis of gas mixture at varied time points of the ethylene 
oligomerisation reaction catalysed by Pdꞏ2core-shell-3, showing the contribution of products (%) 
of 1-butene, 1-butene isomers and 1-hexene. 
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4.13.13. Sorption analysis of post-catalysis samples 
 
Figure 4.A.15: CO2 273 K isotherms of a) Pdꞏ2core and b) Pdꞏ2core-shell-3 both pre- and post-
catalysis. 
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4.13.14. RGA reaction profile for Pdꞏ2 rev-core-shell 
 
Figure 4.A.16: Reaction profile of ethylene oligomerisation catalysed by Pdꞏ2 rev-core-shell (50 
ml/min, 6 bar back pressure) on the flow reactor. The reaction profile is displayed as the 
contribution to the total pressure in the RGA (%) for 1-butene (m/z 41 and 56), 1-hexene (m/z 
69 and 84) and 1-octene (m/z 112). 
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4.13.15. Surface Passivation through Polymer Coating 
Attempts were made to passivate the surface of Pdꞏ1 with a polymer coating, in order 
to minimise catalyst deactivation during the catalysis of ethylene oligomerisation. Tao Li et. 
al. were able to synthesise UiO-66@polymer composites with coating thickness’s of 13-59 nm 
and demonstrated increased stabilisation of the MOF to unfavourable conditions (strong 
acid/base).1 The polymer coatings reportedly minimised the diffusion of aggressive chemicals 
to the MOF core, thereby prolonging the stability of the framework. We adopted this 
methodology because it showed promise in slowing diffusion of guest molecules, which might 
slow the formation of long chain oligomers which deactivated Pdꞏ1 during catalysis. The 
polymer coatings trailed included polymethyl acrylate, polystyrene, and polyimide. Polymer 
coated samples of 1 µm UiO-67-bpydc0.5bpdc0.5 with polymethyl acrylate (PMA) and 
polystyrene (PS), and polymer coating methods with polyimide (PI) were provided from our 
collaborator Tao Li et. al.1  
Samples of polymer coated 1 µm UiO-67-bpydc0.5bpdc0.5 with PMA and PS were 
metalated with [PdMe(MeCN)]BF4 after surface coating, whereas the PI coated sample could 
be metalated prior to polymer coating. These samples will be denoted Pdꞏ1PMA, Pdꞏ1PS, and 
Pdꞏ1PI, for polymer coatings with PMA, PS and PI respectively. All of the polymer coated 
composites were crystalline via PXRD, matching the pattern of simulated UiO-67-bpydc (see 
Figure 4.A.17). SEM/EDX analysis of Pdꞏ1PMA, Pdꞏ1PS, and Pdꞏ1PI revealed varied catalyst 
uptakes, with Pd to Zr ratios of 65.8 ± 7.9, 3.1 ± 1.3 and 35.5 ± 0.7 % respectively. It was 
apparent that the PS coating around the MOF crystals was not able to swell sufficiently to allow 
[(COD)PdMe(MeCN)]BF4 to access the core MOF and coordinate to the framework. The 
palladium detected was likely polymer surface associated having not been removed during 
MeCN washes. Subsequently, Pdꞏ1PS demonstrated no catalytic activity for the gas 
oligomerisation of ethylene oligomerisation. 
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Figure 4.A.17: PXRD patterns of simulated UiO-67-bpydc (black), Pdꞏ1PS (red), Pdꞏ1PI (blue), 
and Pdꞏ1PMA (green) a) pre- and b) post-catalysis under flow reaction conditions. Crystalline 
polyethylene is highlighted with a red shaded box at 21.5 º. 
The catalytic activity of the polymer coated samples was analysed under flow 
conditions, identical to those used for Pdꞏ1, for the gas phase catalysis of ethylene 
oligomerisation. The RGA reaction profiles for Pdꞏ1PMA, Pdꞏ1PS, and Pdꞏ1PI are displayed in 
Figure 4.A.18, along with GC-FID analysis of the gas mixture at 1 h into heating at 75 ºC. The 
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GC-FID data for Pdꞏ1PS is not shown, as mentioned earlier Pdꞏ1PS was not catalytically active, 
hence no oligomers of ethylene were detected via gas chromatography. Pdꞏ1PMA and Pdꞏ1PI 
were shown to be catalytically active, but both were shown to deactivate in a similar fashion to 
Pdꞏ1, with production of m/z 41 (1-butene) decreasing by 65 and 88 % respectively 30 minutes 
after initial peak activity. There is no significant difference in product distributions between 
the active polymer coated samples and the non-coated Pdꞏ1 by gas chromatography. Post-
catalysis analysis by PXRD and SEM imaging revealed the presence of crystalline 
polyethylene and a surface coating of the polymer which charged under the electron beam 
respectively for Pdꞏ1PMA and Pdꞏ1PI (Figures 4.A.17 and 4.A.19). From this data it is apparent 
that the polymer coatings of PMA and PI did little to passivate the surface of Pdꞏ1, with no 
significant retention of activity being retained for either Pdꞏ1PMA or Pdꞏ1PI.  
 
Figure 4.A.18: Reaction profiles for ethylene oligomerisation displayed as the contribution to 
the total pressure in the RGA (%) catalysed by a) Pdꞏ1PMA, b) Pdꞏ1PS, c) Pdꞏ1PI, and d) GC-
FID product distribution for each catalyst 1 h into the reaction at 75 ºC, including Pdꞏ1. 
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Sorption studies with N2 (77 K) and CO2 (195 and 273 K) were done on Pdꞏ1PMA pre- 
and post-catalysis to determine whether the porosity was retained despite deactivation from the 
production of long chain ethylene oligomers (see Figure 4.A.20). Pre-catalysis Pdꞏ1PMA 
exhibits a type 1 N2 isotherm, with a relatively low BET surface area in comparison to the non-
metalated species (reported in Chapter 3), 586.6 ± 2.9 and 2641.2 ± 3.0 m²/g respectively. Post-
catalysis Pdꞏ1PMA was non-porous to N2 (77 K) or CO2 (195 and 273 K), and as such no pore-
size analysis or BET measurements of surface area could be done. The long chain oligomers 
produced during catalysis block access to the pores of the framework for Pdꞏ1PMA which 
deactivates the catalyst by stopping the diffusion of guest molecules into the framework. The 
PMA polymer coating was not sufficient to passivate the surface to limit the deactivation, this 
trend was also observed for Pdꞏ1PI, but no sorption analysis was done due to the conclusions 
drawn from Pdꞏ1PMA post-catalysis sample. Whilst framework stabilisation is possible with 
polymer coatings, the deactivation of the palladium catalyst is clearly not an issue of 
stabilisation, rather the location of active sites which likely affects product formation aka long 
chain oligomers to a larger extent than limiting access to the crystal surface does. As such, 
further critical analysis of the polymer composites, such as coating thickness, was not 
investigated.  
Chapter 4   
- 247 - 
 
 
Figure 4.A.20: a) N2 77K, b) CO2 195 K and c) CO2 273 K isotherms of Pdꞏ1PMA pre- (blue) 
and post-catalysis (red), demonstrating a reduction in porosity of Pdꞏ1PMA post-catalysis. 
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Chapter 5. Towards Reactive Group Isolation in a UiO-67 Derivative 
5.1. Introduction 
 Metal-organic frameworks (MOFs) have the capacity to bind additional metal species 
via post-synthetic metalation (PSMet), which has emerged as a versatile method of forming 
materials with isolated and well-defined metal sites.1-11 Recently, there has been a surge of 
interest in characterising the coordination environment of catalytically active transition metal 
species coordinated to MOFs.12-17 In certain circumstances, entire catalytic cycles can be 
followed via single-crystal X-ray diffraction (SCXRD), enabling elucidation of the 
coordination environments of intermediates during catalysis in controlled reaction 
enviroments.18 A vast range of catalytic reactions have been reported with MOFs that have 
undergone PSMet, some of which have been evaluated in Chapters 3 and 4, but rarely are the 
precursor catalytic metal sites, let alone intermediates formed during catalysis, able to be 
studied by SCXRD. There are several reasons for the paucity of such studies. SCXRD 
information can be hard to obtain for MOFs after PSMet due to diminished crystal and data 
quality arising from low site occupancy of the chelating moiety by the extraneous metal ion 
and/or significant disorder.19-23 Successes in this area have arisen from minimising the 
crystallographic complexity of the system, through either judicious ligand design, or from 
PSMet induced single-crystal to single-crystal (SC-SC) transformations to lower symmetry 
structures.12, 14, 24 The latter of these strategies was observed by Long et. al. with UiO-67-bpydc 
metalated with a range of transition metal complexes (CuCl, CuCl2, CoCl2, FeBr2 and 
Cr(CO)4).14 These SC-SC transformations involved a change in space group of the MOF from 
Fm-3m to Pa-3, resulting from the ordering of metalated linkers within the framework, which 
enabled structural characterisation of the resulting metal complexes (see Figure 5.1).14  
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Figure 5.1: Schematic of a) UiO-67-bpydc metalation demonstrating PSMet induced SC-SC 
transformation to a lower symmetry space group Pa-3 from Fm-3m and, b) the planes of 
symmetry for the ligand are indicated by dashed green and purple lines, with an additional 
mirror plane co-planar with the ligand. When metalated there is a reduction of symmetry 
associated with the ligand, enabling structural determination of the chelated metal complex . 
The work presented in this chapter utilised the strategy outlined by Long et. al. to 
examine PSMet of a Zr-framework isoreticular with UiO-67-bpydc (1) and unambiguously 
define the coordination sphere of inserted transition metal complexes. The isoreticular Zr-
framework used was 6,6’-Me2bpydc-UiO-67 (UiO-67-Me2bpydc, 1-Me2), where Me2bpydc is 
6,6’-dimethyl-(2,2’-bipyridine)-5,5’-dicarboxylic acid.25 Li et at. reported the synthesis of the 
ligand Me2bpydc and the corresponding UiO-67 variant. The ligand engineering of 1-Me2 was 
shown to increase the rate of a Suzuki-Miyaura cross coupling reaction with a 110 fold increase 
in activity when metalated with PdCl2 in comparison to PdCl2@UiO-67-bpydc.25 Li et. at. were 
able to demonstrate that the stereo-electronic properties of metal-binding linker moieties are 
critical to the activity of MOF-tethered single-site organometallic catalysts. However, as is 
typical for most MOF catalysts, there was limited structural characterisation (SCXRD) of the 
coordination environment of the active catalyst by Li et. at. in their initial and follow up papers, 
with the majority of work being performed on sub-micron crystals.26 As such, 1-Me2 offers a 
chance to investigate the impact of sterics and electronics on PSMet induced SC-SC 
transformations in UiO-67 materials and further to examine their influence on the added metal 
complex (reactivity etc.).  
 Investigating UiO-67 derivatives via SCXRD necessitates the synthesis of large pristine 
crystals, with minimal ligand defects and high occupancy of extraneous metals for PSMet 
species. It is challenging to synthesise large Zr-MOFs crystals (> 10 µm), as discussed in 
Chapter 3, with most requiring the addition of monotopic modulators.27-29 Yang et. al. reported 
conditions to synthesise larger Zr-MOF crystals which were adopted to synthesise UiO-67-
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bpdc and UiO-67-bpydc crystals ≥ 40 µm in size, as discussed in Chapter 4.30 However, the 
use of modulators such as TFA results in a significant number of ligand defects (14 %) for 1, 
which lowers the ligand occupancy of the framework and makes the crystals unsuitable for 
collecting high quality diffraction data.31 Through the advent of crystal engineering techniques 
such as linker exchange and crystal healing, these ligand defects can be minimised post-
synthetically, affording crystals which have high ligand occupancy and are better suited to 
SCXRD. Using these strategies, pristine large single crystals of 1-Me2 were prepared to allow 
examination of the coordination chemistry of PSMet materials.  
The overall objective of Chapter 5 is to follow post-synthetic SC-SC transformations 
of 1-Me2 upon PSMet in order to ascertain whether this material is well suited to matrix 
isolation and structural characterisation of reactive species, including azides and nitrenes. The 
synthesis and subsequent characterisation of 1-Me2 crystals suitable for SCXRD will be 
investigated in the first half of this chapter, with the second half focusing on PSMet and the 
characterisation of metalated species via SCXRD.   
5.2. Synthesis and Characterisation of SCXRD Suitable Crystals 
 Large 1-Me2 crystals were synthesised from ZrCl4 and Me2bpydc in DMF using TFA 
as a modulator, see Chapter 4. The first reaction simply involved replacing H2bpydc with an 
equi-molar amount of Me2bpydc, which resulted in the synthesis of large yellowish crystals 
after 7 days, see experimental section 5.7 and schematic in Figure 5.2 for detailed synthesis 
conditions. Single crystals formed on the sides of the vials and were subsequently collected, 
separated from the microcrystalline material at the bottom of the reaction vials via careful 
pipetting, washed with DMF (4 × 10 ml) and then stored in DMF until needed. The single 
crystals were analysed via PXRD (post-MeCN solvent exchange, see Figure 5.2), which 
confirmed the framework topology was isostructural to 1, with the as-synthesised powder 
pattern closely matching the simulated pattern of 1.  
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Figure 5.2: a) Schematic representation of the synthesis of large 1-Me2 crystals, with a cartoon 
representation of the MOF structure showing three key features; the zirconium-oxo cluster 
[Zr6O6(OH)4]12+, the Me2bpydc ligand coordinated to two different clusters and a 
trifluoroacetate (TFA) coordinating to one cluster causing a ligand defect. b) PXRD patterns 
of simulated UiO-67 (black) and UiO-67-Me2bpydc (1-Me2, red) synthesised from conditions 
outlined in a) (post-MeCN solvent exchange). 
The crystal size and morphology of the single 1-Me2 crystals were investigated via 
SEM, as shown in Figure 5.3. The average diameter of the single crystals was 65.4 ± 2.4 µm 
and the crystals had a similar morphology to 1 synthesised under the same conditions (see 
Appendix 5.9.1, Figure 5.A.1). The single crystals have a truncated octahedral morphology, as 
discussed in Chapter 4; the TFA modulator appears to attenuate crystal growth at the vertices 
causing the truncation of the crystals. This is due to preferential coordination to the terminating 
chemical environment at the [100] Miller plane of the vertices rather than the [111] Miller 
plane of the crystal faces. Additionally, the single crystals have no noticeable surface defects, 
were not intergrown and could be easily selected/viewed via optical microscopy, making them 
ideal for SCXRD analysis (see Figure 5.3). 
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Figure 5.3: SEM images of UiO-67-Me2bpydc a) an area view and b) a close up of two crystals 
showing the truncated octahedral morphology. 
 Whilst the crystals of 1-Me2 appear ideal for SCXRD studies, the conditions utilised 
for their synthesis are prone to introducing ligand defects. Modulators such as TFA have been 
shown to introduce a significant number of missing ligand defects in UiO-67 framework 
materials, as discussed in Chapter 4.32-33 Missing ligand defects reduce the ligand occupancy 
in the crystalline lattice, making structural analysis via SCXRD challenging.34-35 Defect 
analysis and subsequent mitigation is therefore critical prior to SCXRD studies. Defect analysis 
of 1-Me2 single crystals was performed via 1H and 19F NMR spectroscopy following previously 
discussed framework digestion protocols with DMSOd6/DCl, (see experimental section 5.7). 
Me2bpydc and TFA were observed in the digested as-synthesised crystals by 1H and 19F NMR 
spectroscopy respectively (see Figure 5.4). Following previously discussed procedures, defect 
analysis was performed by firstly exchanging TFA with benzoic acid, which can be quantified 
by 1H NMR spectroscopy (see experimental section 5.7). Upon exchange with benzoic acid, 
there are no peaks in the 19F NMR for TFA, indicating full exchange by benzoic acid. 
Quantitative defect analysis of the benzoic acid exchanged sample revealed the presence of 
14% ligand defects in 1-Me2, comparable to the proportion of ligand defects observed in 1 
(14%), synthesised under similar conditions (see Appendix 4.1 for calculations, Tables 4.1 and 
5.A.1).   
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Figure 5.4: a) Schematic of modulator exchange and “healing” protocols for 1-Me2 to minimise 
ligand defects and stacked b) 1H and c) 19F NMR of as-synthesised, benzoic acid exchanged 
and “healed” MOF demonstrating the extent of modulator exchange and removal during 
exchange and “healing” processes’. H2bpydc, benzoic acid and trifluoroacetic acid NMR 
chemical shifts are highlighted by red, blue, and green shaded regions respectively. 
 The ligand defects in 1-Me2 were removed using solvent assisted ligand exchange 
(SALE) to reintroduce Me2bpydc back into the framework to displace the coordinated benzoic 
acid modulators, as described in Chapter 4 and in Figure 5.4.32 The modulator exchange and 
“healing” processes were followed by 1H and 19F NMR spectroscopy of washed and digested 
samples of 1-Me2, as shown in Figure 5.4. Exchanging TFA with excess benzoic acid removed 
TFA from the MOF, and the subsequent incorporation of the ligand results in a material absent 
of any modulators, quantified in Table 5.A.1. The benzoic acid exchanged and Me2bpydc 
“healed” materials were found to be isomorphous by PXRD, matching the powder pattern of 
as-synthesised 1-Me2 (see Appendix 5.9.2, Figure 5.A.2). The NMR spectroscopy data 
suggests that the ligand defects within the framework have been healed, but for confirmation 
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surface area analysis of the materials at each step in the modulator exchange and healing 
process was completed.   
 N2 77 K adsorption isotherms for as-synthesised, BA-exchanged and healed single 
crystal samples of 1-Me2 were collected post-activation from acetonitrile (see experimental 
section 5.7.4). The N2 77 K isotherms for all samples exhibited Type 1 characteristics with 
high uptake at low pressure, indicating that all of the samples are microporous (see Figure 
5.5).36 The total uptake of N2 increased slightly going from the as-synthesised, BA-exchanged 
and healed samples of 1-Me2, with corresponding BET surface areas of 2061 ± 7, 2073 ± 3 and 
2269 ± 4 m2/g (see Figure 5.5). Additionally, the pore size distribution (calculated via DFT N2 
model) in Figure 5.5 shows a subtle shift decrease in the average pore size with each step in 
the modulator exchange and healing processes. These results suggest that Me2bpydc has been 
successfully incorporated into the framework of the single crystals at the sites of missing ligand 
defects, increasing ligand occupancy and thereby increasing the internal surface area and 
decreasing the average pore size. Additionally, these results mirror ligand re-incorporation 
results for UiO-67-bpdc and UiO-67-bpydc, as seen in Chapter 4, indicating that for the UiO-
67 series the quality of as-synthesised crystals (i.e. ligand occupancy and defect removal) can 
be improved through aforementioned post-synthetic procedures. The Me2bpydc healed single 
crystals of 1-Me2 meet the aforementioned criteria for SCXRD analysis due to large average 
crystal size and high ligand occupancy. 
 
Figure 5.5: a) 77 K N2 adsorption isotherms and b) pore-size distributions of 1-Me2 as-
synthesised (black), benzoic acid exchanged (red) and healed with Me2bpydc (blue). 
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5.3. Crystal Structure of UiO-67-Me2bpydc  
Structure solution through X-ray crystallography can enable unambiguous structural 
determination of ordered motifs in crystalline matrices.37 Single crystals 1-Me2 post-Me2bpydc 
healing were analysed via SCXRD. 1-Me2 crystallises in the cubic space group Fm-3, 
consisting of a face-centred cubic array of Zr6O4(OH)4 clusters bridged by the linear Me2bpydc 
linkers generating the fcu topology (see Figure 5.6). The asymmetric unit contains half of the 
Me2bpydc ligand disordered over two positions (refined at 50% occupancy), one zirconium 
(IV) centre and one oxygen which occupies a special position with a split occupancy between 
µ3-O and µ3-OH groups, see Figure 5.A.5. The formula for 1-Me2 as refined is 
Zr6O4(OH)4(Me2bpydc)6. 1-Me2 is isostructural with other UiO-67 variants, which crystallise 
in the cubic space group, Fm-3m.38-39  
Structural refinement of 1-Me2 was complicated by disorder of solvent molecules 
within the pores of the framework and ligand disorder. The pores of the framework contained 
badly disordered solvent molecules (CH3CN) and consequently the associated electron density 
was removed using the SQUEEZE routine of Platon prior to final structural refinement. The 
ligand disorder observed is due to the rotatable C-C bond between pyridine rings in the ligand 
but restricted by the connectivity of the framework and the conjugation of the carboxypyridyl 
moiety. Due to the disorder of the ligand, it was refined over two positions with each ring 
restrained using the FLAT command. Chemically sensible refinement of the methyl groups 
was difficult, which were restrained using DFIX commands. There are two mirror planes 
associated with the ligand, one is co-planar with the ligand and the other is orthogonal to the 
ligand, bisecting the C-C bond between the pyridine rings. The position of methyl group 
assigned to one half of the ligand was refined to be out of plane with respect to the pyridine 
ring and the co-planar mirror plane, hence two methyl groups are observed for the ligand when 
the full structure is generated from the asymmetric unit using symmetry elements. It is note-
worthy that the methyl groups in Me2bpydc align in a para orientation, minimising steric 
hindrance within the structure (see Figure 5.6).  
The structure of 1-Me2 is similar to all UiO-67 variants, containing the same network 
topology and zirconium nodes. Each zirconium node in the structure is constructed from six 
eight coordinate Zr(IV) atoms, each coordinated by eight O atoms in a square-antiprismatic 
geometry. One square face of the zirconium-oxygen square-antiprism consists of alternating 
µ3-O and µ3-OH groups, whilst the second square face consists of oxygens supplied by bridging 
the carboxylic acid groups of the ligand. The resulting Zr-oxo cluster, as shown in Figure 5.4, 
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is a 12 coordinate SBU with the formula Zr6O4(OH)4(CO2)12 (where CO2 represents a 
coordinating carboxylic acid group). Due to the 12 coordinate nature of the Zr-oxo cluster, each 
node is connected to 12 half ligands, as such the empirical formula features six full ligands (see 
above). The Zr-oxo nodes are interconnected by the ligand, Me2bpydc, forming a network with 
an octahedral cage which is capped at each face by a tetrahedral cage. The methyl substituents 
point into both the tetrahedral and octahedral cages of the framework, with one half of the 
pointing into the tetrahedral cage and other into the octahedral cage due to the anti-orientation 
of the ligand. This feature reduces the pore size of 1-Me2 relative to 1, which was also observed 
for the isoreticular UiO-67 framework featuring a similar methyl substituted ligand, 3,3′-
dimethylbiphenyl-4,4′-dicarboxylic acid (Me2bdc).40 
 
Figure 5.6: Structure of a) Me2bpydc2- ligands, b) the octahedral Zr6O4(OH)6 inorganic nodes 
and c) a portion of the crystal structure of 1-Me2 as determined by analysis of single-crystal X-
ray diffraction data. The Me2bpydc2- ligand was modelled as being disordered over two 
positions but is represented here in one of the possible orientations. Zr, O, N and C atoms are 
represented by yellow coordination polyhedral, red, blue, and grey spheres respectively; H 
atoms were omitted for clarity.  
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5.4. Post-synthetic Metalation of UiO-67-Me2bpydc  
 1-Me2 has slightly smaller triangular pore apertures than 1, 7.7 and 8.3 Å respectively,38 
and the chelating moiety Me2bpydc is more electron donating than bpydc; therefore, it is likely 
that the conditions for metalation will differ. Additionally, the methyl substituents of Me2bpydc 
provides additional steric bulk in plane with the bipyridine chelating site, which may limit the 
types of metal complexes that can coordinate to the framework. As such, a broad range of 
transition metal complexes, with different geometries and coordinated ligands, were examined 
under a variety of synthetic conditions for the metalation of 1-Me2, see Table 5.1. Metal halides 
and nitrates were initially investigated because it was expected that the relatively small, 
solvated metal species would be able to easily diffuse into the pores of the framework.14 
Additionally, the reaction with bulkier and potentially catalytically active species were also 
investigated, including [RhCODCl]2 and Pd(COD)Cl2, as summarised in Table 5.1.  
 The solvent stability of 1-Me2 was first assessed by exposing the crystals to the 
metalation solvents (MeCN, MeCN/EtOH and MeCN/DMF) at 65 ºC for 7 days. The samples 
were exchanged with distilled MeCN four times and their crystallinity was analysed via PXRD 
(see Appendix 5.9.4 Figure 5.A.3). 1-Me2 demonstrated no reduction in crystallinity upon 
solvation in MeCN, MeCN/EtOH or MeCN/DMF, hence post-synthetic metalation in using 
these solvent systems was attempted. Post-synthetic metalation was attempted by treating 
batches of single crystals of 1-Me2 with metal salt solutions (solvents: MeCN, MeCN/EtOH 
and MeCN/DMF) at varied temperatures (65-80 ºC) for 2-14 days (see experimental section 
5.7.3). Following the reaction, the crystals were washed with distilled acetonitrile four times 
and analysed via SEM/EDX to ascertain metalation. Similar to 1, 1-Me2 has a 1:1 ratio of 
ligand to Zr, hence full occupation of bipyridine sites would be denoted by a 1:1 ratio of Zr : 
Mn+ via EDX, this data was summarised in Table 5.1.14, 25  
Several interesting trends arose upon analysis of PSMet 1-Me2 samples via SEM/EDX. 
Small metal halides, including CoCl2ꞏ6(H2O) and ZnCl2ꞏ4(H2O), demonstrated the highest 
occupancies, with increasing reaction times resulting in greater than 100% occupancy, possibly 
resulting from the further coordination of metal halides within the pores, as has been recently 
reported by Gonzalez et al.41 Gonzalez et. al. were able to demonstrate the growth of metal 
halide sheets within the pores of 1, with CoCl2ꞏ6(H2O), NiCl2ꞏ6(H2O), FeCl2ꞏ4(H2O) and 
NiBr2ꞏ3(H2O), when using excess metal salt relative to bipyridine moieties in the framework 
and extended reaction times (>1 month).41 Subsequently, PSMet with NiCl2 was also 
examined; NiCl2ꞏ6(H2O) was not particularly soluble in MeCN, hence alternate solvent 
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conditions were tested, with the highest metal uptake occurring in MeCN/EtOH, producing 
pale pink crystals. Additionally, high occupancies of metal nitrates could be also be achieved 
with longer reaction times for Co(NO3)2ꞏ6(H2O) and Cu(NO3)2ꞏ6(H2O), 128% occupancy for 
both samples. PSMet with potentially catalytically active species was more challenging. The 
square planar palladium complexes required more forcing conditions (higher temperature) than 
other complexes, which increased the metal occupancies in the framework to approximately 
100% for PdCl2 and Pd(MeCN)2Cl2. 1-Me2 demonstrated limited uptake of the bulky cyclo-
octadiene complexes Pd(COD)Cl2 or [RhCODCl]2, due to reduced space within the pores from 
the methyl substituents of Me2bpydc which point into the pores of the framework. Unlike 1, 1-
Me2 did not coordinate rhodium complexes readily, due to either the increased steric bulk or 
the more electron donating nature of Me2bpydc relative to bpydc, which would favour more 
electron deficient complexes.  
All of the metalated species which had high levels of PSMet (100% within error) were 
examined via SCXRD to see if structural ordering arose, as was observed for PSMet UiO-67.14 
For these examples where structural determination was possible, the coordination environment 
of the coordinated metal was determined. Although many iterations of 1-Me2ꞏMn+ (UiO-67-
Me2bpydc metalated with a transition metal denoted Mn+) were examined via SCXRD, only 
two structures could be solved, with the other samples being either ambigous, weakly 
diffracting and/or suffering from signifcant amounts of disorder of the ligand and/or chelating 
site. Single crystal structures were obtained for 1-Me2 metalated with CoCl2 and ZnCl2 (1-
Me2ꞏCoCl2 and 1-Me2ꞏZnCl2 respectively).  
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Table 5.1: Summary of metalation conditions attempted with 1-Me2, with the EDX Zr:Mn+ 





Solvent Temp (ºC) Time (d) 
Crystal 
Colour 
Zr : Mn+ 
(SEM/EDX) 





92.9 ± 3.4 
100.0 ± 5.0 
146.6 ± 5.9 




114.7 ± 7.8 
112.3 ± 3.6 








77.8  ± 12.2 
28.2 ± 6.1 








170.3 ± 12.4 
113.3 ± 3.3 




113.0 ± 4.6 
88.3 ± 5.0 
CdCl2ꞏ(H2O) Td48 MeCN 65 7 Colourless 85.9 ± 3.0 
MnCl2ꞏ4(H2O) Oh49-50 MeCN 65 7 Colourless 71.1 ± 8.1 




61.2 ± 0.7 
106.9 ± 1.6 




102.0 ± 2.1 
128.0 ± 13.1 
Zn(NO3)2ꞏ6(H2O) Oh53 MeCN 65 2 Colourless 85.2 ± 7.7 





58.5 ± 9.1 
104.9 ± 7.5 
128.0 ± 13.1 
[RhCOCl]2 - MeCN 65 2 Light red 72.5 ± 5.25 
[Rh(COD)Cl]2 - MeCN 65 2 Light orange 25.6 ± 1.4 
Pd(COD)Cl2 Sp51 MeCN 
65 
80 
2 Light orange 
26.0 ± 0.8 
30.4 ± 1.2 




48.4 ± 1.7 
105.2 ± 4.3 
aCSD = Cambridge Structural Database, used to determine typical coordination environments of the transition metal complexes 
with either a 2,2’-bipyridyl or 6,6’dimethyl-2,2’bipyridyl moiety, when no structures were reported this was denoted by a dash  
(-). Sp = Square planar, Td = Tetrahedral, Oh = Octahedral, D5h = Pentagonal bipyramidal. 
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1-Me2ꞏCoCl2 and 1-Me2ꞏZnCl2 under go SC-SC transformations upon PSMet from 1-
Me2; both structures were solved in the primitive cubic space group Pa-3. Both structures are 
comprised of a cubic array of Zr6O4(OH)4 clusters bridged by Me2bpydc linkers, which are 
bent to accommodate the chelation of CoCl2/ZnCl2 at the bipyridine site of the linker. The 
asymetric units contain one Me2bpydc ligand, one cobalt/zinc (II) centre, two chloride atoms, 
one zirconium (IV) centre, one oxygen with a split occupancy (µ3-O/µ3-OH, 38.8/61.1%) and 
another oxygen on a special position with split occupancy (µ3-O/µ3-OH, 83.3/16.6%), see 
Appendix 5.9.5, Figures 5.A.6 and 5.A.7. The formulas of 1-Me2ꞏCoCl2 and 1-Me2ꞏZnCl2 as 
refined are Zr6O4(OH)4(Me2bpydc)6(CoCl2)6 and Zr6O4(OH)4(Me2bpydc)6(ZnCl2)6 
respectively. There was electron density detected in the pores of both the frameworks, but the 
solvent acetonitrile molecules could not be assigned due to disorder. As such, the electron 
density associated with the non-structural acetonitrile molecules was removed using the 
SQUEEZE routine of Platon prior to final structure refinement of both 1-Me2ꞏCoCl2 and 1-
Me2ꞏZnCl2. 
As noted, analysis of 1-Me2ꞏCoCl2 and 1-Me2ꞏZnCl2 revealed a decrease in the local 
site symmetry of the framework Fm- upon PSMet. This shift mirrors the change in  3-Pato  3
-Fmbpydc, which lowers in symmetry from -67-arises from metalating UiOsymmetry which 
3m to Pa-3.14 The metalated 6,6’-dimethyl-2,2-bipyridine entities are crystallographically 
mination of the coordination environments of metal ordered, enabling structural deter
within the framework. The lowering of symmetry arises from the ordering of the complexes 
metalated ligands, a simplified comparison of 1-Me2 and 1-Me2ꞏCoCl2 is shown in Figure 5.7. 
cell ork exhibits mirror symmetry along the diagonals of its unit metalated framew-The non
centring translations that relate the zirconium clusters at the ends of each linker. In -and face
e the metalated structure, that mirror symmetry is removed by the ordering of the ligands, whil
ch linker are tilted in opposite directions. the face centring is lost as the clusters at the ends of ea
bipyridine unit distorts in order to chelate the metal, and it has been -2,2-dimethyl-The 6,6’
ds serves to facilitate better orbital bipyridine ligan-postulated that such distortions of 2,2
overlap with the metal (see Figure 5.7).14 The Zr-oxo clusters consequently rotate slightly to 
accommodate the arching of the ligand and accordingly the ligands around each cluster 
direction of cluster rotation. These changes from the become orientated to conform to the 
parent framework 1-Me2 facilitate structure determination of the metal-ligand complexes 
-Pato a site with no symmetry in  3-Fmbecause they go from a site with two mirror planes in 
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by . This is the second known reporting of this phenomenon in a MOF, the first being 3
Gonzalez et al.,14 albeit in a closely related MOF. 
 
Figure 5.7: Comparison of the structures of a) 1-Me2 and b) 1-Me2ꞏCoCl2 viewed along the 
[100] direction; the unit cell edges are shown as black lines, with Zr-oxo nodes and linkers 
highlighted in red and blue respectively.  
The structure of 1-Me2ꞏCoCl2 was reasonably well ordered, which enabled 
measurement of the interatomic distances and angles for Co(Me2bpydc)Cl2 units, (different 
representations of the crystal structure are shown in Figure 5.8). The Co(II) centres are four 
coordinate, arranged in a distorted tetrahedral geometry. The Co-N distances of 2.022(10) and 
2.040(9) Å, Co-Cl bond distances of 2.214(5) and 2.231(6) Å and  N-Co-N and Cl-Co-Cl bond 
angles of 82.5(4) and 118.3(2)º in the complex match closely to analogous molecular complex 
Co(Me2bpy)Cl2 (Me2bpy = 6,6’dimethyl-2,2’bipyridine).42, 55 The distorted tetrahedral 
geometry of Co(Me2bpydc)Cl2 units arises from the steric repulsion between chloride ligands 
and the methyl groups from Me2bpydc, forcing the Cl-Co-Cl plane to be perpendicular to the 
N-Co-N plane. This geometry has been observed for the equilavent discrete Co(Me2bpy)Cl2 
complex.42, 55 The pyridine rings are rotated 24.55 and 161.55º out of plane with the O-C-O 
plane the carboylic acid groups on either side of Me2bpydc. In comparison, the pyridine rings 
in the parent framework both lie in plane with the carboxylic acid groups, with torsional angles 
of 0º.  
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Figure 5.8: a) A representation of a portion of the crystal structure of 1-Me2ꞏCoCl2 viewed 
along the a-axis and b) the structure of the 6,6'-dimethyl-2,2'-bipyridine metal entity in 1-
Me2ꞏCoCl2, with Zr(IV), O, N, C, Co(II) and Cl atoms represented by yellow polyhedra and 
red, light blue, grey, dark blue and green spheres.  
The ordering of Co(Me2bpydc)Cl2 units in 1-Me2ꞏCoCl2 results in some interesting 
packing effects within the octahedral and tetrahedral pores of the framework. In the octahedral 
pore, the interatomic distance between two chorides pointing into the centre of the pore 
associated with two different CoCl2 moieties is 5.46 Å. In two of the octahedral pore windows 
there are three CoCl2 moieties arranged in the aforementioned alignment, and consequently the 
interatomic distace across the octahedral pore is 10.89 Å (Cl-Cl). In the other octahedral pore 
windows CoCl2 moieties are rotated relative to one another, so as to point into the tetrahedral 
pores with inter atomic Cl-Cl distances of 5.98 Å. As a result, for each octahedral pore there 
are six chloride atoms pointed towards the centre of the pore, and each tetrahedral pore contains 
three chloride atoms pointed towards the centre of that pore. 
Similar to 1-Me2ꞏCoCl2, metalation of the bipyridine site in 1-Me2ꞏZnCl2 allows for 
crystallographic determination of the Zn coordination environment (see Figure 5.9). The 
Zn(Me2bpydc)Cl2 units adopt a distorted tetrahedral geometry, with the Zn(II) centres being 
four coordinate, chelated by N-donors of Me2bpydc and coordinated to two Cl- ligands. The 
Cl-Zn-Cl plane is rotated perpendicular to the N-Zn-N plane, arising from steric repulsion from 
the methyl groups of the chelating ligand. The Zn-N distances of 2.050(9) an 2.059(10) Å and 
Zn-Cl distances of 2.203(4) and 2.245(5) Å and N-Zn-N and Cl-Zn-Cl bond angles of 81.3(4) 
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and 120.25(17)º in the complex are consitent with analogous molecular complexes 
Zn(Me2bpy)Cl2 and Zn(bpy)Cl2 (bpy = 2,2’bipyridine).43-44 The Zn(Me2bpydc)Cl2 units are 
rotated 24.22 and 160.70º out of plane with the O-C-O plane the carboylic acid groups on either 
side of Me2bpydc in a similar manner to the Co(Me2bpydc)Cl2 units in 1-Me2ꞏCoCl2. There is 
residual electron density close to the Zn(II) centre, however, which may indicate an alternate 
arrangement of the Zn(Me2bpydc)Cl2 moiety or a possible five coordinate geometry for a 
portion of the Zn(II) sites. Unfortunately, the low occupancy of this component in comparision 
to the major Zn(Me2bpydc)Cl2 moiety prevented a sensible model from being developed and 
refined.  
 
Figure 5.9: a) A representation of a portion of the crystal structure of 1-Me2ꞏZnCl2 viewed 
along the a-axis and b) the structure of the 6,6'-dimethyl-2,2'-bipyridine metal entity in 1-
Me2ꞏZnCl2, with Zr(IV), O, N, C, Zn(II) and Cl atoms represented by yellow polyhedra and 
red, light blue, grey, purple and green spheres. 
Structural determination of the metal coordination environments in 1-Me2ꞏCoCl2 and 
1-Me2ꞏZnCl2 was made possible due to the ordering of ligands within the structure, causing a 
symmetry transition from a face-centred cubic to a primative cubic space group; but this was 
not the case for 1-Me2 metalated with other transition metals. In UiO-67-bpydc this symmetry 
transition upon metalation corresponds to a contraction of the unit cell from a = 26.520(2) Å 
to 26.255(4) – 26.020(5) Å depending on the transition metal.14 The unit cell contraction for 1-
Me2 is almost non-existent reducing from a = 26.615(3) Å to a = 26.597(3) and 26.609(3) Å 
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for 1-Me2ꞏCoCl2 and 1-Me2ꞏZnCl2 respectively, suggesting that there is limited space within 
the pores for a large unitcell contraction. The atomic coordinates of Zr6O4(OH)4 nodes of 1-
Me2ꞏCoCl2 and 1-Me2ꞏZnCl2 are not perturbed significantly from the non-metalated 
framework, meaning that when collecting SCXRD data the positions of high electron density 
within the frameworks are very similar. This similarity is highlighted by the near identical 
powder diffraction patterns of 1-Me2, 1-Me2ꞏCoCl2 and 1-Me2ꞏZnCl2 in the low angle 2θ 
region, see Figure 5.A.4.  
All of the SCXRD experiments were conducted at the Australian Synchrotron on the 
quantitatively metalated samples. Unfortunately, due to the strong diffraction of the Zr-oxo 
node and the lack of distinct structural differences (minimal unit-cell contraction) between the 
metalated and non-metalated frameworks, the assignment of the correct, lower symmetry 
during crystal screening routines and auto-processing did not occur. This precluded direct 
structure solution in the expected lower symmetry space groups, as seen for 1-Me2ꞏCoCl2 and 
1-Me2ꞏZnCl2. As such, attempts were made to re-process the raw diffraction images collected 
from SCXRD experiments at the Australian Synchrotron, in order to increase the data 
redundancy and so enable structure solution in the expected lower symmetry space groups. 
Unfortunately, due to the current detectors in use on both the MX1 and MX2 beamlines, there 
is no current way to process the raw diffraction image files without proprietary software, which 
was inaccessible in the timeframe of this project. These methodology problems were further 
exacerbated by poor crystal quality, lower than 100 % occupation of the bipyridine moieties 
and lack of ordering of 6,6'-dimethyl-2,2'-bipyridine complexes within the framework. As 
such, all further analysis focuses on the two structures which could be solved, 1-Me2ꞏCoCl2 
and 1-Me2ꞏZnCl2. 
The distortions observed for 1-Me2ꞏCoCl2 and 1-Me2ꞏZnCl2 suggested that the 
complexes could be susceptible to leaching, which could occur in steps where the crystals are 
washed or undergo further reactions. As such, a leaching study was undertaken with 1-
Me2ꞏCoCl2 in MeCN in order to investigate whether the Co(II) ion could be displaced during 
simple manipulations like washing the crystals. Additionally, a structurally flexible MOF, also 
metalated with CoCl2, was investigated under the same conditions to provide a point of 
reference. The flexible framework utilised was a Mn(II) based framework (Mn-MOF-1) with 
a flexible bis(pyrazolyl)methane ligand  bis(4-(4′-carboxyphenyl)-3,5-dimethyl-
pyrazolyl)methane, which chelates metals at its bis-pyrazolyl moieties.12, 16 Both materials 
were metalated with CoCl2ꞏ6(H2O), solvent exchanged four times and left to soak in MeCN 
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(1-Me2ꞏCoCl2 and MnMOF-1ꞏCoCl2) and in MeOH (MnMOF-1ꞏCoCl2). Aliquots of the 
crystalline samples were examined each day for a week via SEM/EDX (post solvent exchange 
×4 to remove metal from the pores, see Figure 5.10). Since the leaching studies were done in 
organic solvents ICP-MS and AAS could not be used to analysed the metal concentrations in 
solution accurately, and the study could not be performed under aqueous conditions because 
the UiO-67 series of MOFs are not sufficiently water stable. 
 
Figure 5.10: Leaching of CoCl2 from 1-Me2ꞏCoCl2 in MeCN and MnMOF-1ꞏCoCl2 in MeOH 
and MeCN. 
1-Me2ꞏCoCl2 and MnMOF-1ꞏCoCl2 in MeCN show minimal loss of CoCl2 by 
SEM/EDX, decreasing by 31 and 11% from their starting occupancies respectively after 7 days 
in MeCN. All three samples had greater than 100% metalation initially, determined by EDX 
comparing Co to Zr or Mn for 1-Me2ꞏCoCl2 and MnMOF-1ꞏCoCl2 respectively. As previously 
discussed, 1-Me2ꞏCoCl2 has a 1:1 of Zr to Me2bpydc so 100% occupation is observed as a 1:1 
ratio of Co:Zr, whereas MnMOF-1 has a 3:1 ratio of Mn to vacant chelating sites hence 100% 
occupation is represented by a 3:1 ratio of Mn:Co.12, 16 Greater than 100% metalation is 
indicative of excess metal salt in the pores of the framework, if the coordinated CoCl2 is bound 
tightly to the chelating sites, the metalation should overtime trend towards 100% and not below 
this value. This trend was observed for 1-Me2ꞏCoCl2 after 7 days in MeCN, MnMOF-1ꞏCoCl2 
in MeCN decreased by a much smaller amount, but this could be due to the presence of a 
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solvated octahedral Co(II) complex which can be retained in the pores of the framework, as 
reported by Huxley et al.16 Interestingly, when soaked in MeOH there is significant leaching 
of Co(II) for MnMOF-1ꞏCoCl2 with Co metalation reducing to 55% after 7 days. Note, UiO-
67 frameworks are not particularly stable to polar protic solvents, hence leaching studies were 
not conducted in MeOH for 1-Me2ꞏCoCl2. These results highlight the need to characterise the 
stabilty of each metalated MOFs sample/solvent combinatons prior to their use for post-
synthetic modifications. Indeed, due to the relative stability of 1-Me2ꞏCoCl2 in acetonitrile, the 
chemistry of the Co(II) centre within 1-Me2ꞏCoCl2 was further investigated by reaction with 
NaN3. 
5.5. Post-synthetic reactions with 1-Me2ꞏCoCl2 
 Obtaining crystallographic information of reactive species can be challenging as these 
species are often short-lived. One such type of short-lived species are metal nitrides, which are 
highly reactive as potential intermediates in C-H activation reactions.56-58 Metal 
nitrides/nitrenoids are metal complexes which feature metal-ligand multiple bonds between a 
metal and a nitrene, with the M-N multiple bonds and hence reactivity being dictated by the d-
electron count of the metal complexes.58-59 The nitrene ligands of metal nitrides/nitrenoids are 
highly reactive, especially when complexed to late group transition metals, acting as either 
electrophiles or nucleophiles depending on the transition metal complex and its oxidation 
state.60 As such, there has been a lot of interest in isolating molecular metal nitrides/nitrenoids 
and studying the photochemistry involved in synthesising them from their azide counterparts 
via SCXRD.59, 61-63 Metal nitrides/nitrenoids can be synthesized from the photolysis of metal 
azide complexes forming N2 as a by-product; however, their high reactivity usually results in 
reaction with nearby solvent and or ligand moieties making characterization challenging.59, 61-
63 Powers et al. were able to characterize a reactive lattice confined Ru2 nitride by 
photocrystallography, directly observing the reactive M-L multiply bonded nitrene and the 
evolved nitrogen post-photolysis.59 Additionally, the matrix isolation of an metal nitrenoid 
formed from the photolysis of an organic azide adduct coordinated to a bulky Rh2 complex has 
been shown by Powers et al.63 Isolating species such as these in porous crystalline supports, 
like MOFs, could enable the characterization of reactive metal nitride species via SCXRD. 
MOFs have been used previously to isolate unstable molecular catalysts within MOFs 
via PSMet and through post-synthetic reactions with the site isolated metal. Zhang et. al. were 
able to coordinate CoCl2 within a Zr-MOF containing 2,2’-bipyridyl moieties and conduct post-
synthetic modifications enabling access to the active catalyst (bpy)Co(THF)2 which can be 
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used for hydrogenation reactions.64 No direct crystal structures were obtained of the active 
catalyst in this study due to disorder and incomplete occupation of the chelating site; however, 
confirmation of the structure was obtained via EXAFS (extended X-ray absorption fine 
structure).64 Considering the interest in this area and that 1-Me2ꞏCoCl2 contains site isolated 
CoCl2 species in a crystallographically accessible site, post-synthetic reactions with 1-
Me2ꞏCoCl2 were investigated. 
Metal azides are commonly encountered in inorganic chemistry, being widely used as 
sources of N2 release in airbags of automobiles and as explosives.65-67 Cobalt has been shown 
to form stable azide complexes,68-71 with several examples being stabilised with bipyridine 
ligands.72-74 A common method of forming a cobalt azide complexes is to react CoCl2ꞏ6H2O 
with a methanolic solution of sodium azide (NaN3).74 The first step in the isolation of a nitride 
complex of cobalt(II) in 1-Me2 is to from a stable cobalt azide complex post-synthetically from 
1-Me2ꞏCoCl2; the proposed strategy is outlined in Figure 5.11.  
 
Figure 5.11: Proposed synthesis of a cobalt azide complex (II) through anion exchange of 1-
Me2ꞏCoCl2 (I) with NaN3 and proposed photolysis of II to form a reactive cobalt nitride 
complex (III). 
UiO-67 frameworks are not particularly stable to polar protic solvents such as MeOH, 
hence a range of different solvent conditions were examined for the reaction between NaN3 
and 1-Me2ꞏCoCl2. Since 1-Me2 is stable in MeCN and a 1:1 MeCN/EtOH mixture (see 
Appendix 5.9, Figure 5.A.3) and minimal leaching was observed for 1-Me2ꞏCoCl2 in MeCN 
over 7 days, azide incorporation was tested in EtOH, EtOH/MeCN and MeCN. Additionally, 
as NaN3 is not particularly soluble in non-polar protic solvents the presence of EtOH was 
necessary to adequately solubilise NaN3. The anion exchange reaction was monitored by IR 
spectroscopy, to determine whether a Co-azide complex had formed, and via SEM/EDX to 
determine whether anion exchange of N3- for Cl- had occurred. Initial testing involved slow 
diffusion of NaN3 into 1-Me2ꞏCoCl2 in each of the solvents for three days, see experimental 
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section 5.7 for further details. There was a distinct colour change for crystals 1-Me2ꞏCoCl2, 
from dark blue to green/yellow in EtOH/MeCN and EtOH after 3 days of anion exchange with 
NaN3, but no colour change in MeCN. IR spectroscopy revealed the successful incorporation 
of N3- into 1-Me2ꞏCoCl2 in EtOH and EtOH/MeCN, from the strong azide antisymmetric 
stretch at 2066 cm-1 indicating the presence of monodentate azide complexed to Co in 1-
Me2ꞏCoCl2 (see Figure 5.12).75-76 There was no observable azide antisymmetric stretch when 
anion exchange was attempted in MeCN, which was either due to the poor solubility of NaN3 
in MeCN or that a polar protic solvent was necessary to facilitate the anion exchange. The 
azide-chloride exchange was checked after 14 d in EtOH/MeCN and a slightly diminished 
azide band was detected via IR spectroscopy (see Figure 5.12), indicating the potential leaching 
of Co(II). As IR spectroscopy of the anion exchanged samples only provides a qualitative 
measure of Co-azide formation, the samples were analysed via SEM/EDX. 
 
Figure 5.12: IR spectra of dried samples of 1-Me2ꞏCoCl2 after anion exchange with NaN3 in 
MeCN (3 d, royal blue), EtOH/MeCN (3 and 14 d, blue and gold) and EtOH (3 d, green), with 
the presence of an azide stretch at 2066 cm-1 indicated by the red arrow. 
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SEM/EDX enabled direct quantification of chloride; if exchange has occurred it is 
expected that the amount of Cl- would decrease relative to both Co and Zr. Furthermore, the 
Co:Zr ratio should show that the Co(II) centre is not being displaced from the MOF. The 
previously mentioned samples were examined via SEM/EDX along with samples solvated in 
EtOH, MeOH and MeCN/EtOH for 7 days with NaN3 (see Figure 5.13). These additional 
samples were examined due to the poor solubility of NaN3 in MeCN, being more easily 
solubilised in polar protic solvents, facilitating potentially faster anion exchange despite 
framework instability to such solvents. All of the samples are compared against 1-Me2ꞏCoCl2 
which has Co:Zr and Cl:Co occupancies of 100 ± 5 and 194 ± 8% and accounts for one CoCl2 
moiety per ligand/Zr atom in the framework, as expected from SCXRD data. In MeCN, anion 
exchange does not occur readily, with minimal reduction in Cl:Co ratio, supporting the IR 
spectroscopy results discussed previously. In MeCN/EtOH anion exchange was successful but 
slow, with significant Cl presence even after 14 d. Additionally, there was some cobalt leaching 
observed in MeCN/EtOH, but this was somewhat sample dependent as each of the samples 
was prepared separately and the 7 d experiments were conducted with a different batch of 1-
Me2ꞏCoCl2 crystals. Three days of anion exchange in MeCN/EtOH produced a sample with an 
approximate a Zr:Co:Cl ratio of 1.00:1.12:1.26 which could correspond to an “averaged” 
tetrahedral Co(Me2bpydc)(N3)Cl complex. Indeed, anion exchange was most successful in 
EtOH and MeOH after 7 days, with almost all of the Cl removed from the framework, although 
this also corresponded to a significant amount of leaching of Co with Co:Zr ratios of 51 ± 3 
and 35 ± 7% respectively. On the basis of these results, EtOH and MeOH are not ideal solvent 
systems for anion exchange with 1-Me2ꞏCoCl2, despite sucessful Cl exchange, because loss of 
the metal centre would hinder structure determination via SCXRD. 
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Figure 5.13: SEM/EDX analysis of anion exchange of 1-Me2ꞏCoCl2 with NaN3 in different 
solvent systems (MeCN, EtOH, MeOH and MeCN/EtOH) for varied time scales (3, 7 and 14 
d), the Co:Zr and Cl:Co ratios are plotted as percentage occupancy (ratio × 100) in blue and 
green respectively. 
SCXRD analysis was attempted with samples of 1-Me2ꞏCoCl2 post-anion exchange 
with NaN3, but the data could not be solved. As previously discussed, the challenges associated 
with data collection and structure solution of samples of 1-Me2ꞏCoCl2 after PSMet are 
exacerbated by lower than 100% metalation and ligand disorder at the site of metalation. 
During anion exchange it is possible for both incomplete anion exchange and cobalt leaching 
from the framework, as discussed previously see Figure 5.13, which increases the disorder of 
the complex and lowers the metal complex occupancy. Unfortunately, without a structure of 1-
Me2ꞏCoCl2 post anion exchange no further progress could be made towards isolating a reactive 
cobalt-nitride complex within 1-Me2. The studies described herein further highlights the 
challenges associated with structure solution of metal complexes in highly symmetric 
frameworks.  
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5.6. Summary 
In summary, a series of post-synthetically metalated analogues of 1-Me2 have been 
synthesised and analysed via SCXRD, confirming that 1-Me2 has the capability for matrix 
isolation of metal complexes. To achieve this, large single defect free X-ray quality crystals of 
1-Me2 were synthesised following previously established crystal engineering techniques of 
modulator use and crystal healing (see Chapter 4). SC-SC transformations were observed upon 
PSMet of 1-Me2 with both CoCl2 and ZnCl2 (separately), corresponding to a drop in local site-
symmetry of the framework Fm-3 to Pa-3, resulting from the ordering of metalated ligand 
moieties throughout the framework. As such, the lower symmetry enabled structural 
characterisation of the metal complexes chelated to the ligand, establishing the credentials of 
1-Me2 as a suitable framework for the matrix isolation and characterisation of metal complexes. 
Post synthetic anion exchange with NaN3 was attempted with 1-Me2ꞏCoCl2 to attempt structure 
determination of a reactive cobalt-nitride complex; but, due to incomplete anion exchange and 
low metal occupancy, no structures were obtained.  
To overcome some of these challenges, alternate methods of azide anion exchange 
could be employed, utilising organic azide anions in non-protic solvents, as it was identified 
that the alcohol solvents used in the anion exchange reactions resulted in leaching of cobalt 
from the 2,2’bipyridine site.77 The organic azide trimethylsilyl azide (TMS-N3) is soluble in 
THF, and hence Co-N3 could be formed in the MOF via the elimination of TMS-Cl potentially 
without the leaching of cobalt from the framework. Additionally, once the installation and 
characterisation of a site isolated Co-N3 complex has been achieved, further chemistry can be 
attempted including photolysis, click chemistry with alkynes, or Schiff-base reactions. 
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5.7. Experimental 
5.7.1. Materials and Measurements 
Unless otherwise stated, all chemicals were obtained from commercial sources and used 
as received. MeCN was distilled over CaH2 under N2 and degassed with Ar prior to use. NMR 
spectra were recorded on a Varian 500 MHz spectrometer at 23 ºC using a 5 mm probe. MOF 
samples (5 mg) were digested in DCl/d6-DMSO (2 drops of DCl/ 600 µl d6-DMSO) at 85 °C, 
stirred at 500 rpm for 30 min – 1 h, or until fully dissolved, prior to NMR analysis. Infrared 
spectra were collected were collected on a Perkin-Elmer Spectrum 100 using a UATR sampling 
accessory. with dry samples loaded on NaCl disks in Paratone-N oil.  Powder X-ray diffraction 
data were collected on a Bruker Advanced D8 diffractometer (capillary stage) using Cu Kα 
radiation (λ = 1.54056 Å, 40 kW/ 40 mA, 2θ = 2 – 52.94°, Phi rotation = 20 rotation/min at 1 
sec exposure per step, with 5001 steps using 0.5 mm glass capillaries). Scanning Electron 
Microscope (SEM) images were collected on a Phillips XL30 scanning electron microscope in 
secondary electron mode, (spot size 3 and 10 KeV). Some SEM images were collected on a 
Quanta450 scanning electron microscope with the same settings as the XL-30. Electron 
Dispersive X-ray Analysis was collected with an Oxford Instruments Ultim Max 170 EDX 
attachment on the Phillips XL30/Quanta 450 (spot size 4, 15 KeV). Samples for SEM analysis 
were dry loaded onto adhesive carbon tabs on aluminium stubs and carbon coated (5 nm) prior 
to analysis.  
5.7.2. Single Crystal X-ray Diffraction Data 
Single crystals were mounted in Paratone-N oil on a nylon loop. Single crystal X-ray 
data for 1-Me2, 1-Me2ꞏCoCl2 and 1-Me2ꞏZnCl2 were collected at 100(2) K on the MX1 
beamline of the Australian Synchrotron using the BluIce software interface, λ = 0.7108 Å. Data 
sets were solved by direct methods using SHELXS-2018/3.77-79 Data sets were then refined by 
full-matrix least squares on F2 by SHELXL-2018/3,78-80 interfaced through the program X-
Seed.78-80 Unless otherwise stated, all non-hydrogen atoms were refined anisotropically and 
hydrogen atoms were placed at geometrically idealised positions. All three structures have a 
solvent accessible void which contained a number of diffuse electron density peaks that could 
not be adequately identified and refined as a solvent. The SQUEEZE routine of PLATON was 
applied to the collected data,81-83 which gave new HKL files and resulted in an improvement 
in the GOF. 
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1-Me2 
 The dataset was solved with SHELXS and refined using SHELXL interfaced through 
X-Seed.78-80 Disorder of the oxygen atom in the zirconium-oxo cluster was accommodated by 
modelling two distinct oxygen atoms, O2 and O2B. The occupancy was set at 50% for O2 and 
O2B respectively. The EADP command was used to restrain constrain the anisotropic 
displacement parameter of O2 to be equal to O2B. The EXYZ command was used to restrain 
the atomic coordinates of O2 to be equal to O2B. DFIX constraints were used to enforce 
chemically reasonable bond lengths for O3 relative to Zr1. Rotational disorder of the methyl-
pyridyl ligand (Me2bpydc) was accommodated by modelling the methyl-pyridyl ligand over 
two positions. The occupancies of the two rings were set at 25% respectively, accounting for a 
plane of symmetry within the asymmetric unit, co-planar with one orientation of the ligand. 
DFIX commands were used to enforce chemical reasonable bond lengths for the methyl groups 
(C9 and C9B relative to C4 and C6B respectively). A FLAT command was used to enforce 
planarity of the two orientations of the methyl-pyridyl ring. Hydrogen atoms were incorporated 
at calculated positions. The SIMU command was used to enable anisotropic refinement of 
carbon and nitrogen atoms in the structure. In order to subtract the contribution from the 
disordered acetonitrile solvent, the SQUEEZE routine available in Platon was applied to the 
data, which gave a new HKL file.81-83 The number of located electrons is 3801, which equates 
to approximately 48 MeCN molecules per unit cell and 2 per asymmetric unit.  
1-Me2ꞏCoCl2 
 The dataset was solved with SHELXS and refined using SHELXL interfaced through 
X-Seed.78-80 Disorder of the two oxygen atoms in the zirconium-oxo cluster was accommodated 
by modelling two distinct oxygen atoms for each site; O1 and O1B and, O2 and O2B. The 
occupancies were set at 38.8 and 61.1% for O1 and O1B respectively and 16.6 and 83.3% for 
O2 and O2B respectively which lie on a special position. The EADP command was used to 
restrain constrain the anisotropic displacement parameter of O1 and O2 to be equal to O1B and 
O2B respectively. DFIX constraints were used to enforce chemically reasonable bond lengths 
for O1 and O2 relative to Zr1. The SIMU command was used to enable anisotropic refinement 
of oxygen atoms in the structure and was also paired with the ISOR command for O1 and O2 
enabling their anisotropic refinement. In order to subtract the contribution from the disordered 
acetonitrile solvent, the SQUEEZE routine available in Platon was applied to the data, which 
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gave a new HKL file.81-82 The number of located electrons is 4019, which equates to 
approximately 48 MeCN molecules per unit cell and 8 per asymmetric unit. 
1-Me2ꞏZnCl2 
 The dataset was solved with SHELXS and refined using SHELXL interfaced through 
X-Seed.78-80 Disorder of the two oxygen atoms in the zirconium-oxo cluster was accommodated 
by modelling two distinct oxygen atoms for each site; O1 and O1B and, O2 and O2B. The 
occupancies were set at 38.8 and 61.1% for O1 and O1B respectively and 16.6 and 83.3% for 
O2 and O2B respectively which lie on a special position. The EADP command was used to 
restrain constrain the anisotropic displacement parameter of O1 and O2 to be equal to O1B and 
O2B respectively. DFIX constraints were used to enforce chemically reasonable bond lengths 
for O1, O1B, O2 and O2B relative to Zr1. The SIMU command was used to enable anisotropic 
refinement of oxygen atoms in the structure and was also paired with the ISOR command for 
O1 and O2 enabling their anisotropic refinement. In order to subtract the contribution from the 
disordered acetonitrile solvent, the SQUEEZE routine available in Platon was applied to the 
data, which gave a new HKL file.81-83 The number of located electrons is 3753, which equates 
to approximately 42 MeCN molecules per unit cell and 7 per asymmetric unit. 
5.7.3. Synthetic Methods 
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Diethyl (2E, 4Z)-4-(1-aminoethylidene)pent-2-enedioate (1) 
 1 was prepared according to literature procedures with minor modifications.25 Ethyl-3-
amino crotonate (5.00 g, 38.46 mmol, 1.00 eq.) and ethyl propionate (3.91 ml,  38.46 mmol, 
1.00 eq.) were added to a 50 ml round-bottom flask. The mixture was heated at 108 ºC under 
an atmosphere of N2 for 4 h. The red solution was cooled to room temperature where the 
resulting yellow/orange solid was recrystallised from MeOH. In order to maximise the yield, 
the solid was dissolved in a minimum amount of boiling MeOH, then the solution was left to 
cool to RT and then subsequently cooled at 3 ºC overnight. The resultant yellow solid was 
collected via vacuum filtration to give diethyl (2E, 4Z)-4-(1-aminoethylidene)pent-2-enedioate 
1 (4.35 g, 19.11 mmol, 50 % yield). Characterisation data was consistent with previous 
reports.25 1H NMR (500 MHz, CDCl3): δ = 1.29 (t, J = 7.0 Hz, 3H), 1.38 (t, J = 7.0 Hz, 3H), 
2.28 (s, 3H), 4.20 (q, J = 7.0, 2 H), 4.27 (q, J = 7.0, 2 H), 6.17 (d, J = 15.6 Hz, 1H), 7.66 (d, J 
= 15.6 Hz, 1H).  
Ethyl-2-methyl-6-oxo-5,6-dihydropyridine-3-carboxylate (2) 
 2 was prepared according to literature procedures with minor modifications.25 A 
mixture of diethyl (2E, 4Z)-4-(1-aminoethylidene)pent-2-enedioate 1 (4.31 g, 18.9 mmol, 1.00 
eq.) and DMF (10 ml) were heated at reflux for 24 h under an atmosphere of N2. The solution 
was cooled to room temperature slowly and was further cooled to 3 ºC overnight to maximise 
the recovery of the precipitate. The resultant solid was collected via vacuum filtration  and 
washed with ice cold ether (3×) and dried to give ethyl-2-methyl-6-oxo-5,6-dihydropyridine-
3-carboxylate 2 as plate like crystals (1.97 g, 10.9 mmol, 58 % yield). 1H NMR data was 
consistent with previous reports.25 1H NMR (500 MHz, CDCl3): δ = 1.37 (t, J = 7.0 Hz, 3H), 
2.75 (s, 3H), 4.34 (q, J = 7.0 Hz, 2H), 6.43 (d, J = 9.6 Hz, 1H), 8.05 (d, J = 9.6 Hz, 1H), 12.87 
(br, s, 1H). 
Ethyl-6-chloro-2-methylnicotinate (3) 
 3 was prepared according to literature procedures with minor modifications.25 A 
mixture of ethyl-2-methyl-6-oxo-5,6-dihydropyridine-3-carboxylate 2 (1.97 g, 10.9 mmol, 
1.00 eq.) and phosphorous oxychloride (4.74 ml, 50.77 mmol, 4.66 eq.) was heated at 128 ºC 
for 4 h. The reaction was then cooled to room temperature, poured over ice water, made basic 
with NaOH (8 M) and extracted three times with EtOAc (100 ml). The combined  organic 
extracts were washed with brine, dried over MgSO4, and concentrated under reduced pressure 
to give Ethyl-6-chloro-2-methylnicotinate 3 (1.77 g, 9.87 mmol, 91 % yield. 1H NMR data was 
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consistent with previous reports.25 1H NMR (500 MHz, CDCl3): δ = 1.41 (t, J = 7.2 Hz, 3 H), 
2.83 (s, 3H), 4.40 (q, J = 7.2 Hz, 2H), 7.42 (d, J = 8.0 Hz, 1H), 8.16 (d, J = 8.0 Hz, 1H).  
6,6’-dimethyl-[2,2’bipyridine]-5,5’-dicarboxylic acid (Me2bpydc, 4) 
 Me2bpydc 4 was prepared according to literature procedures with minor 
modifications.25 A solution of NiCl2ꞏ6H2O (0.23 g, 0.98 mmol, 0.10 eq.) in DMF (59 ml) in a 
100 ml round-bottom flask was stirred and heated at 40 ºC. Ethyl-6-chloro-2-methylnicotinate 
3 (1.77 g, 9.87 mmol, 1.00 eq.), anhydrous LiCl (0.42 g, 9.87 mmol, 1.00 eq.) and zinc dust 
(0.77 g, 11.84 mmol, 1.20 eq.) were added to the stirring solution. When the temperature of the 
solution rose to 50 ºC, a grain of iodine and two drops of acetic acid (glacial) were added. The 
solution was stirred at 60 ºC for 36 h and then cooled to room temperature. 10 % HCl (12.5 ml) 
was added  to the solution, the resulting  mixture was made basic with aqueous ammonia (25 
%) and extracted with DCM. The organic layers were combined, washed with brine, dried over 
Na2SO4 and concentrated under reduced pressure, then purified via flash chromatography over 
Celite. The purified methyl-protected 4 was added to a round bottom and deprotected with 
KOH (2 g, 35.56 mmol, >10 eq.), water (50 ml) and EtOH (50 ml) at reflux for 16 h.  The 
reaction mixture was cooled to room temperature and then made acidic (pH 2 - 3) with 1 M 
HCl. The precipitate was collected via vacuum filtration and washed three times with ice cold 
ether (10 - 15 ml) and dried to give 6,6’-dimethyl-[2,2’bipyridine]-5,5’-dicarboxylic acid 4 as 
a sand coloured powder (0.67 g, 2.45 mmol, 50 % yield). 1H NMR data was consistent with 
previous reports.25 1H NMR (500 MHz, d6-DMSO): δ = 2.82 (s, 6H), 8.35 (q, J = 8.2 Hz, 4H) 
and 13.31 (br s, 2H). 
UiO-67-Me2bpydc (1-Me2):  
ZrCl4 (63.54 mg, 0.273 mmol), Me2bpydc 4 (74.22 mg, 0.277 mmol) and trifluoroacetic 
acid (1.66 ml, 21.69 mmol, 80 equivalents) were dissolved in DMF (10 ml) 20 ml Teflon 
capped Wheaton vial) and sonicated for 1 h until fully dissolved. The solution was heated in 
an oven for 7 days at 120 ºC. The resulting crystals on the sides of the container were collected 
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Ligand Modulator Exchange (benzoic acid): 
 Single crystals of 1-Me2 (10-30 mg dried from distilled MeCN) were dispersed in a 
solution of benzoic acid (8%, 0.65 M, 20 ml) in DMF in a 20 ml screw capped (Teflon cap) 
Wheaton vial. The solution was heated in an oven at 85 ºC overnight without agitation. The 
solution was cooled to room temperature and then the MOF crystals were solvent exchanged 
with DMF (10 ml × 5). Prior to NMR analysis samples were solvent exchanged with distilled 
MeCN (10 ml × 5) then dried under vacuum in a desiccator. 
Healing Protocol with Me2bpydc: 
 Modulator exchanged single crystals of 1-Me2 (10-30 mg) were soaked in a solution of 
H2bpydc (2.5 mM, 20 ml) in DMF in a 20 ml screw capped (Teflon cap) Wheaton vial. The 
solution was heated in an oven at 85 ºC overnight without agitation. The solution was cooled 
to room temperature and then the MOF crystals were solvent exchanged with DMF (10 ml × 
5). Prior to NMR analysis samples were solvent exchanged with distilled MeCN (10 ml × 5) 
then dried under vacuum in a desiccator. 
1-Me2 metalation with transition metals for SCXRD analysis: 
 Samples of 1-Me2 were metalated with the transition metal complexes (as summarised 
in Table 5.1), by placing solvent exchanged single healed crystals of 1-Me2 into small vials 
with the appropriate solvent. The transition metal salt of choice was then added in excess and 
the mixture was held at the appropriate temperature for 2 – 14 d, cooled to room temperature 
and then solvent exchanged with the metalation solvent until the solution is colourless (4 – 7 
times). The solvent exchanged crystals were analysed via SEM/EDX and SCXRD, with the 
metalation conditions and SEM/EDX data summarised in Table 5.1. 
Leaching Study: 
 Single crystal samples of 1-Me2ꞏCoCl2 and MnMOF-1ꞏCoCl2 were placed in 20 ml 
Teflon capped Wheaton vial solvated 15 ml of solvent, distilled MeCN for 1-Me2ꞏCoCl2 and 
distilled MeCN or MeOH for MnMOF-1ꞏCoCl2. Aliquots of each solvated sample were taken 
at T = 0 – 7 d and were solvent exchanged 3 times. The solvent exchanged samples were dried 
and analysed via SEM/EDX to determine the Co content relative to Zr, summarised in Figure 
5.10. 
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Anion exchange with 1-Me2ꞏCoCl2 with NaN3: 
For each anion exchange reaction, a small quantity of 1-Me2ꞏCoCl2 and NaN3 were 
placed in two separate 2 ml glass vials (without caps), both vials were placed in a 20 ml Teflon 
capped Wheaton vial  and then submersed in a the relevant solvent system (EtOH, MeOH, 
MeCN and MeCN/EtOH). The larger vial was sealed in the absence of light and the anion 
exchange was monitored by taking aliquots of the samples after 3 – 14 d of exchange, solvent 
exchanging the single crystals 4 times and analysing the Co, Zr and Cl content via SEM/EDX. 
5.7.4. Gas Adsorption Analysis 
Activation Protocol: 
 In a typical activation procedure, crystals of UiO-67-Me2bpydc were solvent exchanged 
with DMF (× 5) over a 1-day period and the distilled MeCN (× 5) over a 1-day period. The 
samples were then dried in a desiccator for 1 h then transferred into sorption analysis tubes. 
The samples were then dried under a vacuum at 150 ºC for 3 h to yield activated samples. 
Gas Adsorption Measurements: 
 Gas adsorption isotherms were measured using volumetric methods on a micromeritics 
3-Flex analyser (Micromeritics Instrument Corporation, Norcross, GA, USA) at 77 K (using a 
cryo-cooler circulator). Brunauer-Emmett-Teller (BET) surface areas were calculated using 
experimental points at relative pressure of P/P0 = 0.05-0.25. Pore size distributions were 
calculated from N2 using DFT modelling software on a Micromeritics 3-Flex analyser. UHP 
grade (99.999 %) N2 was used for all measurements. 
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5.9. Appendix 
5.9.1.  Crystal Size Analysis of Single UiO-67-Me2bpydc crystals 
 
Figure 5.A.1: Particle size distribution data for UiO-67-Me2bpydc single crystals.  
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5.9.2.  Modulator Exchange and Healing of UiO-67-Me2bpydc 
 
Figure 5.A.2: PXRD patterns of UiO-67-Me2bpydc, as-synthesised (black), benzoic acid 
exchanged (red) and ligand defect healed with Me2bpydc (blue). 
Table 5.A.1: Defect analysis of  benzoic acid (BA) exchanged samples of as-synthesised and 














BA exchanged 0.32 1.66 5.16 0.86 14 
BA exchanged + 
Me2bpydc healed 
0.00 0.00 6.00 1.00 0 
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5.9.3.  Crystallographic information for UiO-67-Me2bpydc  
Table 5.A.2: Crystallographic data for 1-Me2, 1-Me2ꞏCoCl2, and 1-Me2ꞏZnCl2. 
Compound 1-Me2 1-Me2ꞏCoCl2 1-Me2ꞏZnCl2 
Empirical formula C84H64N12O32Zr6 C84H64N12O32Zr6Co6Cl12 C84H64N12O32Zr6Zn6Cl12
Formula weight 
(g/mol) 
2300.79 3079.77 3118.41 
Crystal system Cubic Cubic Cubic 
Space group Fm-3 Pa-3 Pa-3 
a = b = c (Å) 26.615(3)  26.597(3)  26.609(3) 
α = ß = γ (º) 90 90 90 
Volume (Å3) 18853 18815 18841(7) 
Z 4 4 4 
Density (calc.) (mg/m3) 0.813 1.087 1.099 
Absorption coefficient 
(mm-1) 
0.363 1.048 1.282 
Temperature (K) 100 (2) 100 (2) 100 (2) 
θmin – θmax (º) 1.325 to 32.225 1.326 to 32.238 1.325 to 32.222 
Reflections measured 2696 10689 10467 
Reflections collected 2767 10114 9427 
[R(int)] 0.061 0.109 0.165 
Restraints/Parameters 227/105 25/236 27/236 
Largest peak/Deepest 
hole (eꞏÅ-3) 
1.412/-1.382 4.267/-2.727 16.340/-3.930 
Goodness-of-fit on F2 1.058 1.115 2.712 
R1 [I>2σ(I)] 0.0416 0.1828 0.2086 
wR2 (all data) 0.1005 0.4034 0.5818 
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5.9.4.  Metalation of UiO-67-Me2bpydc 
 
Figure 5.A.3: PXRD patterns of single crystals of UiO-67-Me2bpydc solvated in MeCN (dark 
red), MeCN/EtOH (red) and MeCN/DMF (orange) for 7 d at 65 ºC to simulate metalation 
conditions. 
 
Figure 5.A.4: PXRD patterns of 1-Me2, 1-Me2ꞏCoCl2 and 1-Me2ꞏZnCl2 simulated from their 
respective crystal structures. The major differences in the patterns include the presence of new 
diffraction peaks at 10.12 and 12.62 º for 1-Me2ꞏCoCl2 and 1-Me2ꞏZnCl2 corresponding to hkl 
planes of [300] and [321] respectively.  
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5.9.4.  Asymmetric Units of 1-Me2, 1-Me2ꞏCoCl2, and 1-Me2ꞏZnCl2 
 
Figure 5.A.5: Asymmetric unit of 1-Me2 shown in three orientations (a), (b) and (c) with all 
non-hydrogen atoms represented by ellipsoids at the 50% probability level (Zr, yellow; O, red; 
C, grey; N, light blue; H, pink). The ligand was disordered over two positions, with the atoms 
in each ring refined at 25% occupancy because there is a mirror plane co-planar with one 
orientation of the ligand. The O atoms (O2 and O2B) are disordered with a half occupancy 
factor, accounting for the split occupancy between µ3-O and µ3-OH groups. 
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Figure 5.A.6: Asymmetric unit of 1-Me2ꞏCoCl2 represented in a (a) top down manner and (b) 
off angle with respect to the plane of the ligand, with all non-hydrogen atoms represented by 
ellipsoids at the 50% probability level (Zr, yellow; O, red; C, grey; N, light blue; H, pink; Co, 
dark blue; Cl, green). The O atoms in the Zr-oxo cluster are disordered over two positions, O1 
and O1B were refined with occupancies of 38.8 and 61.1% respectively, where as O2 and O2B 
lie on a special position and were refined with occupancies of 16.6 and 83.3% to account for 
the split occupancy between µ3-O and µ3-OH groups. 
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Figure 5.A.7: Asymmetric unit of 1-Me2ꞏZnCl2 represented in a (a) top down manner and (b) 
off angle with respect to the plane of the ligand, with all non-hydrogen atoms represented by 
ellipsoids at the 50% probability level (Zr, yellow; O, red; C, grey; N, light blue; H, pink; Zn, 
purple; Cl, green). The O atoms in the Zr-oxo cluster are disordered over two positions, O1 and 
O1B were refined with occupancies of 38.8 and 61.1% respectively, where as O2 and O2B lie 
on a special position and were refined with occupancies of 16.6 and 83.3% to account for the 
split occupancy between µ3-O and µ3-OH groups. 
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Chapter 6. Conclusions and Future Outlook 
6.1.  Conclusions 
A view of the impact of manipulation of crystal size, morphology, and surface 
chemistry on the properties of MOFs has been canvassed. This body of work shows that 
systematic analysis of MOF nanoscale structuralisation is essential prior to their integration 
within high precision devices and/or the fabrication of MOF-containing composites. The 
capabilities of these materials in the field of heterogeneous catalysis has been introduced. This 
work highlighted that whilst MOFs can catalyse a wide range of reactions, there is a limited 
understanding about which active sites are primarily being accessed (internal vs external) and 
how this reactivity can be manipulated through nanoscale structuralisation. In summary, this 
thesis describes a detailed investigation of how nanoscale structuralisation impacts 
heterogeneous MOF catalysis for several systems.  
The effect of crystal size and morphology on exterior surface catalysis was first 
investigated with ZIF-8. Results presented in Chapter 2 show that improved activity for the 
transesterification of hexanol and vinylacetate can be achieved by exposing more surface active 
sites via crystal size reduction. However, increasing the amount of external surface area (which 
is inversely proportional to particle size) also exposed the framework to more rapid surface 
degradation and the leaching of Zn2+/2-mIM under reaction conditions. In this circumstance 
particle size was shown to directly impact the surface stability of ZIF-8 crystals under 
transesterification and Knoevenagel reaction conditions. Whilst this work did not yield 
conclusive results as to the impact of crystal size and morphology on surface catalysis with 
ZIF-8, it did however highlight that MOFs are susceptible to nanoscale structural changes 
during solution phase catalysis. Thus, an important finding of this study is that such effects 
must be carefully considered when assessing the catalytic performance of MOFs. Furthermore, 
it emphasises the importance of understanding nanoscale structuralisation effects on MOF 
catalyst stability as well as activity. 
The modular synthesis of MOFs facilitates control over crystal size, via coordination 
modulation and allows for active sites to be dispersed throughout the framework. The site 
isolation of homogeneous catalysts within MOFs makes them intriguing materials for 
heterogeneous catalysis. Chapters 3 and 4 focussed on elucidating crystal size and active site 
localisation effects on the activity and selectivity of gas phase catalysis with the stable, yet 
chemically mutable, UiO-67-bpydc framework. These chapters featured the heterogenization 
of molecular catalysts employed for ethylene hydroformylation/hydrogenation and 
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oligomerisation, [RhCOD(acetone)2]BF4 and [PdMe(MeCN)]BF4 respectively. In Chapter 3 it 
was shown that the selectivity of the heterogenized catalyst within the framework was crystal 
size dependent. The 100 nm, 1 µm, and 10 µm catalysts displayed a selectivity of 24.5, 28.1, 
and 57.3% for hydroformylation over hydrogenation, respectively. This phenomenon was 
attributed to the increased prevalence of pore confinement effects with decreasing 
surface/volume ratios (increasing particle size). However, further experimentation is necessary 
to confirm this hypothesis. Due to the presence of active sites throughout the framework, there 
was no definitive way to deconvolute internal and external catalysis in this study. To confirm 
this hypothesis the synthesis and catalytic reactivity of surface passivated frameworks will be 
required. 
Chapter 4 detailed the further investigation of internal catalysis through surface 
passivation. Core-shell UiO-67-bpydc⸦UiO-67-bpdc catalysts for gas phase ethylene 
oligomerisation were synthesized via slow-diffusion SALE. In this work attempts were made 
to synthesize a composite material where all of the active sites were localised at the interior of 
the MOF crystals, whilst the exterior would consist of the same framework but with a ligand 
which could not chelate molecular catalysts and would not alter the diffusion of guests. 
However, this elegant approach was complicated by the similar pKa/steric bulk of the core and 
shell ligands, which resulted in the formation of diffuse core-shell architectures, as 
characterised by NMR and SEM/EDX. A highlight of this study is that it described the first 
reported of single site isolation of the homogeneous palladium catalyst [PdMe(MeCN)]BF4 
within a MOF via PSMet, requiring no activating agent prior to catalysis. Whilst the core-shell 
boundary was not well defined, the dilution of surface active sites prolonged catalyst activity 
(when loaded with the palladium catalyst) for ethylene oligomerisation, relative to samples 
where active sites were dispersed throughout the framework and localised exclusively at the 
exterior. Nevertheless, catalyst deactivation was observed for all samples due to pore blockage 
and surface coating from the production of long chain non-volatile oligomers. This work was 
hindered by the poor definition of the core-shell boundary and catalyst choice. However, 
insight was gained into how the active sites location can be controlled through crystal 
engineering techniques and how that can impact catalysis with MOFs. Further investigation of 
MOF surface modification is necessary to aid the study of internal and external catalysis with 
MOFs. 
Site isolation of molecular catalysts and reactive species within crystalline MOF 
scaffolds facilitates the development of heterogeneous catalysts as reactions can be monitored 
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via SCXRD. In order to characterise such species, large single crystals of the UiO-67-
Me2bpydc were synthesised (20-50 µm). Through a process of modulator exchange and crystal 
healing (also utilised in Chapter 4), ligand defects were removed resulting in X-ray quality 
crystals. These crystals were impregnated with a range of transition metal catalysts/precursors 
to reactive species via PSMet, and then analysed via SCXRD. Single-crystal to single crystal 
transformations were observed upon PSMet with only CoCl2 and ZnCl2 (separately), 
corresponding to a shift from high to low symmetry Fm-3 to Pa-3, resulting from the ordering 
of metalated ligand moieties throughout the framework. The limited number of crystal 
structures obtained in this work stemmed from low occupation of the chelating site and disorder 
around the ligand. This study highlighted some of the challenges associated with extracting 
crystallographic information from high symmetry MOF structures which rely on ordering 
throughout the crystal to transition to a lower symmetry group. There was an attempt to extend 
the chemistry of site isolated CoCl2 moieties through anion exchange with NaN3, in order to 
probe the structure of reactive cobalt complexes such as cobalt-nitrides. However, incomplete 
anion exchange and low metal occupancy meant that no crystal structures of the metal azides 
could be obtained. These preliminary experiments established that UiO-67-Me2bpydc can be 
used as a crystalline matrix to characterise certain tetrahedral metal complexes, but more work 
is required before this system can be adapted to a broader range of transition metals/reactive 
intermediates. 
6.2.  Future Outlook 
 The work presented in this thesis emphasises the need to understand the influences of 
nanoscale structuralisation on MOF catalysis and the challenges in doing so in a systematic 
manner. Unexpected effects, such as the surface instability of ZIF-8 to reaction conditions in 
the liquid phase, have complicated such investigations and future experiments would aim to 
build upon this work, simplifying the studies in order to minimise these additional impacts. 
Analysing catalysis with ZIF-8 could be improved by conducting such experiments in the gas 
phase, thereby minimising any solvent or reagent mediated Zn2+/2-mIM leaching. This would 
likely necessitate using smaller more volatile reagents which could diffuse throughout the 
framework and hence subsequent studies would need to be informed by the considerations 
described in Chapters 3 and 4.  
Investigating the impact of active site location within a framework is paramount to 
further our understanding of how MOF catalysis can be tuned through nanoscale 
structuralisation. The work outlined in Chapters 3 and 4 is a good starting point for future 
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studies, but further deconvolution of internal and external catalysis in necessary to better 
understand these processes. Gas phase hydroformylation of ethylene/longer alkenes is the most 
interesting reaction studied in this thesis for such an investigation, as multiple reactions occur 
(hydroformylation, hydrogenation and isomerisation) that may be influenced by active site 
localisation. In order to study the catalyst activity/selectivity in relation to active site location, 
synthetic methods to control active site location to the exterior/interior of the crystal must be 
further developed. Within our research group this has been recently achieved through epitaxial 
growth of a UiO-67 framework with a bulky ligand on the surface of 1 µm crystals of UiO-67-
bpydc, extending the work described by Luo et al.,1 forming a well-defined core-shell 
boundary. Conducting catalytic studies on samples with well-defined core-shell boundaries 
would enable a more systematic investigation of pore confinement effects on the kinetic control 
of reaction selectivity (hydrogenation vs hydroformylation) and linear vs branched product 
formation (when using longer alkenes). This would improve our understanding of MOF 
catalysis and may enable us to tune the activity/selectivity of MOF catalysts through nanoscale 
structuralisation rather than through design of new MOF architectures. Additionally, this 
understanding may make the integration of MOF catalysts in existing technologies would be 
one step closer to being realised. 
 
Figure 6.1: Representations of cis-bpydc, cis-Me2bpydc and 1,10-phenanthroline-3,8-
dicarboxylic acid ligands, demonstrating the hydrogen interactions in the cis conformation 
(circled in red). 
 The challenges surrounding both the site isolation reactive species within a MOFs and 
their subsequent characterisation have been detailed in Chapter 5. The dominant issues with 
this work were the subtle nature of the structural ordering to lower symmetry space groups and 
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disorder surrounding the site of metalation. The disorder could be reduced by using a ligand 
with fewer rotatable bonds such as one based around a 1,10-phenanthroline core, which would 
minimise steric destabilisation related to H to H interactions that arise in the cis conformations 
of Me2bpydc and bpydc, see Figure 6.1.2 However, the acute angle of bidentate coordination 
(< 90°) of the bipyridine/phenanthroline ligands to metal centres may not be suitable for the 
desired wide range of coordination environments, thereby limiting the range of complexes that 
can be isolated. Alternate ligand design strategies must therefore be implemented to balance 
the diametrically opposite requirements of increased flexibility at the coordinating moiety with 
ligand rigidity for permanent porosity. Ideally, the work initiated in Chapter 5 could then be 
extended to follow the progress of reactive species isolated within isostructural Zr-frameworks, 
namely the catalytic cycles of reactions discussed in this thesis; hydroformylation with 
[RhCOD(acetone)2]BF4 and, ethylene oligomerisation with [PdMe(MeCN)]BF4. Such studies 
would broaden our understanding of heterogeneous catalysis within Zr-frameworks and may 
enable us to design better scaffolds to isolate reactive species within MOFs. 
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